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Upflow Sand Roughing Filtration 
Slow sand filtration requires low turbidity water for effective operation. In 
most cases this means pretreating the raw water to reduce its turbidity. Lately 
horizontal gravel filters have become very popular as a means of 
pretreatment. They are simple to operate, have a large mass storage capacity, 
and can cope with high turbidity shock loads. However, cleaning them can be 
a problem. An alternative pretreatment, which this study is concerned with, 
is upflow sand roughing filtration. It has the potential advantages of simple 
design, ease of operation and cleaning, and low area requirements. 
A study of upflow versus downflow was done using two small filter columns. 
The results showed that although downflow exhibited a better turbidity 
removal than upflow, upflow allowed longer filter runs and better utilisation 
of bed depth. This was in agreement with earlier findings. 
The effect of backwash water quality was also investigated. Both filters were 
run in upflow direction; one was washed with tap water, the other with 
polluted raw water. The results suggested, unexpectedly, that a filter washed 
repeatedly with polluted water produced slightly better turbidity removal 
than one washed with tap water. This indicated some form of maturation, 
which could be biological in nature, taking place. 
Experiments with horizontal gravel filters clearly showed the importance of 
biological mechanisms in maturation. 
Four new filter columns, 50mm in diameter, were constructed. These 
allowed further investigation of the effect of bed depth. 
Backwash rate and duration were investigated to find an optimum. Very 
little of the wash water was required to clean the filters, the majority being 
required to flush the turbidity out of the system. 
The long term effect of oackwash on filters was investigated, as was the effect 
of wash water quality. Tap water, raw water and raw water polluted with 
settled sewage were used to wash the filters. The results indicated that the 
filters washed with raw water and polluted water proved to be as good as 
regards turbidity removal as those washed with tap water. This suggested that 
raw water backwash could be used effectively for washing upflow roughing 
filters. 
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Chapter 1 
INTRODUCTION 
Slow sand filtration requires low turbidity water for effective operation. In most 
cases this means pretreating the water to reduce its turbidity. There are several 
methods of doing this. These include plain sedimentation and storage, 
infiltration wells and galleries, and various types of filtration, for example 
vertical and horizontal gravel filtration, pebble matrix filtration, conventional 
rapid sand filtration and river bed filtration. Roughing filtration is a popular 
option, and the question arises: 
• Why should roughing filtration be used rather than another method of 
pretreatment? 
One of the advantages of roughing filtration is that it is simple to set up and to 
operate. It does not require a great deal of technical knowledge or the use of 
chemicals or highly complex equipment, and is, therefore, suitable for use in 
developing countries. 
Roughing filters which use gravel as the filter medium have proved to be 
effective. They have a large mass storage capacity, and are able to cope with high 
turbidity shock loads, such as could be expected in flood situations. This gives 
rise to the question: 
• Why is there a need for another type of roughing filter? 
As it is not possible to fluidise gravel, gravel filters have to be cleaned by means 
of rapid draining, and extracting the water from them quickly can be difficult. It 
is necessary to position the filters on high ground and on a slope, and the 
drainage pipes need to be large. Furthermore, it is periodically necessary to dig 
the filter medium out completely. However, this will be an infrequent 
occurrence, and so there is a danger that the people responsible for the filter will 
forget to do it or how it should be done. In addition, horizontal roughing filters 
require large surface areas to accommodate them, which could be a problem. 
Sand filtration offers an alternative form of pretreatment. This prompts the 
question: 
• What are the advantages of using sand as a filter medium? 
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Compared to gravel, sand has a much higher specific surface area. This means 
that a much smaller volume of sand is required to provide the equivalent 
'filtering surface'. Therefore, sand filters do not have such a large filter bed, and 
are consequently smaller than gravel filters. This is an important consideration if 
the filter is to be located in a place where there is a shortage of suitable land for 
the site. In this respect, a smaller filter is also likely to be less expensive. Smaller 
pore sizes will result in higher head losses, so cleaning must be much more 
frequent than for gravel filter beds. 
Most sand filters are run in downflow direction. The question therefore arises: 
• Why use upflow? 
One of the perceived advantages of up flow filtration over downflow filtration is 
that it is more suitable for wide graded sand. This is because the majority of 
rapid filters are backwashed by fluidising the sand bed. Fluidisation makes the 
sand bed become stratified in such a way that the fine sand grains come to the 
top and the coarse ones stay at the bottom. The wider the range of grain sizes in 
the bed, the more pronounced this effect is. 
In the case of upflow, during filtration, the coarsest sand is encountered first and 
then the bed becomes progressively finer. This allows the solids to be deposited 
deep in the sand bed. This means that most of the sand bed is being used in 
removing solids. In the case of downflow the opposite is true. The finest sand, 
being at the top, is encountered first and most of the solids are removed in this 
section of the bed, while most of the bed remains unused. In the case of upflow, 
because more of the bed is being used to remove the solids, the head loss is 
spread over a greater depth. It is consequently lower as compared to downflow, 
where only a short depth of the sand is being used to remove the solids. 
Therefore in upflow filtration longer filter runs are possible. 
The implications of the above are that downflow filters are likely to work best 
when a narrow range of sand size is used. This means that sand in most cases 
has to be sieved, which can add to the cost. In the case of upflow however 
unsieved sand can be used satisfactorily. The very fine sand sizes are flushed 
away during backwashing, and the filter bed should grade itself. 
Sand filters need to be washed frequently. This means that the amount of wash 
water required is an important consideration. Water may be in short supply. 
Therefore it is necessary to ask: 
• How can the wash water requirement be reduced? 
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There are two ways of reducing the wash water requirement. One way is to do 
less frequent washes by extending the length of filter run. This means that there 
are longer intervals between washes. This has been the conventional approach. 
It has been mentioned above that upflow filtration has the inherent potential to 
provide longer filter runs. 
An alternative approach is to use less water in each wash. One way of achieving 
this is by using short duration backwashes. This needs to be investigated further. 
Filtered water is often used to wash sand filters. This is a waste of resources as 
money has been spent on treating the water which is then effectively wasted. 
Therefore if raw water could be used for washing the filters this could reduce the 
overall cost of treatment. Another of the perceived advantages of upflow 
filtration is that raw water backwash can easily be accommodated in its design. 
The objective of this research is to investigate upflow sand roughing filtration 
further, to determine its effectiveness, to establish criteria relating to its design 
and to identify areas in which further work needs to be done. 
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Chapter 2 
LITERATURE REVIEW 
2.1 Introduction 
In this thesis the work of the other investigators that relate to specific aspects of 
this work have been referred to in the appropriate chapters. The purpose of this 
chapter is to review sources of information which are relevant to the topic in 
general. 
2.2 Water quality objectives 
The aim of roughing filtration is to produce water which is suitable for slow sand 
filtration. In the literature, suitability of water for slow sand filtration is often 
quoted in terms of its turbidity. However turbidity is not the only indicator of 
the suspended solids load of surface waters; suspended solids concentration (SS) 
and particle size distribution of the suspended material (PSD) are also important. 
In the following section these indicators of water quality are discussed. As 
turbidity is the most commonly used criterion of water quality for slow sand 
filtration, a comparison of the water quality requirements in terms of turbidity, as 
suggested in the literature, is also presented. 
2.2.1 Indicators of water quality 
In water treatment there are many parameters which are used as indicators of 
water quality. These include turbidity, dissolved solids, suspended solids, 
particle size distribution (PSD), colour, temperature, pH, nitrogen, dissolved 
oxygen, biochemical oxygen demand (BOD), chemical oxygen demand (COD), 
total organic carbon (TOC), and indicator micro-organisms such as total and 
faecal coliforms and many others. A good discussion of most of these parameters 
has been provided by Aydin (1993). Of these parameters only turbidity, 
suspended solids and PSD are dealt with here as these are most relevant to 
roughing filtration and consequently to this thesis. 
2.2.1.1 Turbidity 
The measurement of turbidity is the most commonly used parameter to monitor 
the water quality in filtration systems (Har.t et al1992). It has the advantage of 
being simple, quick and relatively inexpensive (Rajagopal and Bhargava, 1990). 
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This means that frequent observations can easily be made. Furthermore several 
portable kits are available which allow measurements to be made in the field. 
However there are also problems associated with the use of turbidity as an 
indicator of water quality. These concern both the method of turbidity 
measurements and also the measurements themselves. 
Methods of turbidity measurement 
There are several methods of measuring turbidity, and in the literature turbidity 
values are often quoted in different units depending on the method of 
measurement. It is therefore important to be aware of the principles behind the 
various methods and their limitations. In the following section the methods of 
measuring turbidity are divided into two groups. These are the: 
• 'older methods' 
• 'modern methods'. 
The older methods are those which have been commonly used in the past to 
measure turbidity. They are not often used these days but references to 
measurements made by these methods are frequently found in the literature. 
The modern methods are those in common use these days. 
Older Methods1 
Jackson Candle Turbidimeter 
The Jackson Candle Turbidimeter has been a standard instrument for the 
measurement of turbidity for a long time. In older literature turbidity values are 
frequently quoted in Jackson turbidity units (JTU). It is a very simple instrument 
consisting of three main parts. These are a calibrated glass tube, a tube holder 
and a candle. In principle the operation of the instrument is very simple. The 
tube is placed in the holder and the candle is lit below it. Next the sample 
suspension is gradually poured in the tube until the candle flame is no longer 
visible from above. Since the tube has already been calibrated, using standard 
suspensions, turbidity readings are made directly from the tube corresponding to 
the level of the liquid in the tube. 
However, in practice, the Jackson turbidimeter is rather cumbersome and is not 
very easy to use. The main problem with it is that it is dependent on the 
judgement of the human eye. Sawyer and _McCarty (1967) suggest that to obtain 
reliable results, a series of readings should be taken on each sample until the 
1 The source of most of the information presented here regarding older methods of turbidity 
measurements is Sawyer and McCarty (1967) where further details can be found. 
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operator becomes highly proficient in its use. This, however, does not overcome 
the problem of two opera tors, with different eyesight, arriving at different 
turbidity values for the same sample. Johnson and Cleasby (1966) point out that 
as long as the Jackson Candle Turbidimeter is used as the standard, the absolute 
value of turbidity will remain in question. 
Bottle standards 
This is a comparative method based on the Jackson Turbidimeter, and is suitable 
for turbidity values in the range of 5 to 100 units (Sawyer and McCarty, 1967). 
Standard suspensions of various turbiditie? up to 100 units are prepared using a 
Jackson Turbidimeter. These are then placed in standard glass bottles. The 
sample suspension is then placed in a similar glass bottle and its turbidity 
determined by comparing it with the standard suspension. The problems 
associated with the judgement of the human eye discussed above also apply 
here. An additional problem with this method is that the standard suspensions 
deteriorate over time due to changes in particle size and particle numbers, and 
therefore need to be replaced frequently. 
Baylis or St. Louis type turbidimeter 
This type of instrument was designed to measure very low turbidities (< 1 unit). 
Its main use was in water treatment works employing rapid sand filtration plants 
where such low level of turbidities were encountered (Sawyer and McCarty, 
1967). In principle its main components were two glass tubes and a blue (cobalt) 
light source placed at right angles to the tubes. Both were mounted inside a case, 
painted dull black reduce the reflected light. The sample was placed in one tube 
and a standard suspension of known turbidity was placed in the other. The blue 
light was shone onto the tubes and viewed from the top. If the sample was 
completely clear i.e. turbidity free, the light would pass straight through the 
water and the observer would see nothing but a blue background. Any turbidity 
in the sample would cause the light to scatter and the observer would see a 
whitish haze. By comparing the haze from the sample against that from a series 
of standard suspensions, the turbidity of the suspension could be determined. 
The standard suspensions used in the Bay !is turbidimeter were standardised 
using a Jackson Candle Turbidimeter. Consequently the comment about the 
absolute2 value of turbidity also apply here and there will be doubt about the 
absolute value of turbidity obtained using this method. However since in many 
cases it is relative value of turbidity that is important, the measurements taken on 
2Turbidity has no absolute value, it must always be arbitrary. The term absolute is used here to indicate a 
value which is consistent and reproducible and is independent of the instrument used or the operator. 
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the older instruments are perfectly adequate. For example, if a series of 
measurements were carried out on a particular instrument by the same operator, 
the relative difference in the turbidities would be of more importance than the 
readings themselves. 
Modern methods3 
One disadvantage, common to all of the older methods of turbidity measurement 
given above, is that in each case the value is obtained by making a visual 
comparison or assessment. This means that the result is based on the judgement 
made by human eye and is therefore subje~t to error. The modern methods of 
turbidity measurement given below use instruments which measure 
electronically the difference between light scattered by the sample and the 
standard. These are therefore not subject to the judgement error made by human 
eye. 
Nephelometric turbidimeter 
It has been mentioned above that most modern instruments work on the 
principle of measuring the light scattered by particles in suspension. The 
intensity of the scattered light is detected by a detector placed at an angle to the 
incident light. In a Nephelometric turbidimeter the detector is placed at an angle 
of approximately 90° to the incident light. A tungsten filament is the most 
common type of light source in modern turbidimeters. 
Ratio-type turbidimeter 
The ratio type turbidimeter is basically very similar to the Nephelometric 
turbidimeter described above. The main difference is that, in addition to the 
main detector placed at right angle to the incident light, further secondary 
detectors are placed at smaller angles, for example 0 and 15°, to the incident light. 
These result in minimising the errors introduced due to the effect of light 
absorbing substances (Hart et a!, 1992). 
Performance difference between instruments 
The performance depends upon the characteristics of the light source, the 
sensitivity of the detector and the optical geometry of the instrument (Hart et a!, 
1992). In order to minimise the variation between the instruments, standardised 
design procedures have been developed4. These design criteria concern the light 
source, the distance travelled by the incident light and the angle of light 
3The details of the modern turbidity measuring instruments can be found in Hart et a! (1992). 
4The standardised design criteria for the design of turbidimeters can be found in Standard Methods for the 
Examirw.tionofWaterand Wastewater, APHA, AWWA and WPCF, Washington DC. (17th ed., 1989). 
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acceptance of the detector. Hart et a! (1992), however, suggested that these 
instrument design specifications are 'antiquated'. They carried out a study in 
which the performance of ratio and non-ratio turbidimeters was compared. The 
results showed that for a given suspension the same reading may not be obtained 
on different instruments, even though the instruments met the standard design 
specifications and had been calibrated according to the manufacturers' 
instructions. 
Hart et a! (1992) also found that the particle size of the calibrating suspension 
was important. They found no difference between instruments when formazin 
suspension of 4Jlm (mean particle diameter) was used. However the two types 
of instruments produced significantly different results when calibrated with a 
suspension of micro spheres of 0.27Jlm (mean particle diameter). They 
concluded that, because the raw and treated-water samples vary widely in 
particle size distribution, the difference in turbidities measured could be 
potentially very significant. The results also showed the importance of particle 
size in turbidity readings. 
Units of turbidity 
In the literature turbidity values are often quoted in several different units. This 
can be seen from Table 2.1 above where turbidity values have been quoted in 
three different units by various authors. In order to compare between the 
turbidity values from different sources, it is therefore important to know the 
relation between the various units of turbidity. The commonly used units of 
turbidity are: 
• Nephelometric turbidity units (NTU) 
• Jackson-candle turbidity units (JTU) 
• Formazin turbidity units (FTU) 
• American Public Health Association turbidity units (APHA) 
• Silica scale turbidity units (mg/1 of Si02) 
Of the units listed above, NTU's, JTU's, FT~'s, and APHA's are all numerically 
similar for practical use in waterworks (Dangerfield 1983). Silica scale units are 
based on the turbidity of a standard solution of silicon dioxide. The scale is: 
1mg/I of S;Oz = 1 unit of turbidity (Sawyer and McCarty, 1967) 
It is difficult to compare the results from different sources quoted in silica scale 
units. This is because the types of silica and the methods of preparation may not 
be the same in all cases. It is for this reason that silica scale units are not often 
8 
used these days. However they can still be found in old literature (Dangerfield 
1983). 
To sum up: 
• The discussion above suggests that its is difficult to be certain about 
the absolute values of turbidity quoted in the literature. This is because 
there are many factors affecting the turbidity which are difficult to 
control. 
• Even when modern instruments are used in accordance with the 
manufacturers' instructions and measurements are made according to 
standard methods, doubts remain. 
• However in most cases it is the relative turbidity that is important. 
• Furthermore turbidity values are not enough to characterise a 
suspension and should be used in conjunction with other methods 
such as suspended solids and PSD. 
2.2.1.2 Suspended solids concentration (SS) 
Suspended solids concentration is also a commonly used parameter in 
determining the performance of a filter. The suspended solids are measured by 
separating the solids by filtration from a given volume of liquid, drying them in 
an oven and weighing them. The precise cjetails can be found in reference texts 
such as Standard methods5. 
Of the three indicators of water quality discussed here, SS is the only one which 
gives an absolute measure of the solids load of a suspension. Unlike turbidity 
and PSD it is not affected by the number and size of particles in suspension. If 
for instance the turbidity of a suspension changes over time, it is not possible to 
be certain if this is due to settlement or the result of a change in the PSD. If, 
however, the SS value remains constant over the same period then the change in 
turbidity is likely to be due to a change in its PSD. In this manner therefore the 
SS measurement can be used as a link between turbidity and PSD measurements. 
The main disadvantage of SS is that its measurement is a cumbersome and time 
consuming process. 
Suspended solids prediction through turbidity measurements 
Rajagopal and Bhargava (1990) carried out suspended solids and turbidity 
measurements on four different types of suspension, at various levels of 
concentration. They found that, in each case, a different but linear relationship 
Sstandard methods for the examination of water and wastcwatcr, APHA 0989) 
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existed between the suspended solids concentration and the turbidity of the 
suspension. In each case the correlation coefficient was 0.98 or above. They 
concluded that an estimation of suspended solids can be done quickly and 
cheaply by the measurement of turbidity alone, provided that a calibration curve 
for turbidity versus suspended solids concentration has previously been 
determined for that type of suspension. 
It is the author's opinion that the above relationship is of limited use in water 
treatment. It can only be applied to successive dilutions of the same suspension, 
where the PSD is likely to be about the same for each dilution. In water filtration 
the PSD of the suspension changes as it passes through the filter6 (Moran D.C., 
1993). It has been discussed above that turbidity is affected by the PSD. It is 
more sensitive to smaller particles. Theref<;>re a turbidity versus SS calibration 
curve for a suspension before it has been filtered will not be valid for the 
suspension after it has passed through the filters. 
Turbidity is sometimes confused with mg/1 of suspended solids. As a rough 
approximation it can be said that: 
Suspended solids (mg/1) = 2 x Turbidity (NTU) 
2.2.1.3 Particle size distribution (PSD) 
(JIWE 1973) 
Turbidity and suspended solids concentration have been the traditional 
indicators of water quality. However the concern about the spread of water 
borne diseases has led to increased use of particle size distribution as an indicator 
of water quality. Furthermore it has been shown that the particle size 
distribution of the water has a significant effect on the performance of the filter 
plant in terms of the filter ripening and the development of the head loss. 
The role of particle size distribution as regards these points has been discussed in 
more detail in the following section. 
The role of PSD in the control of water borne disease 
Over recent years there have been several major outbreaks of water borne 
diseases in the United States and Canada (Bellamy et a!, 1993). This has caused a 
lot of concern in the water industry because often the disease was spread by 
drinking water that had been treated and met or even exceeded all the water 
quality standards. In particular the transmission of pathogens Giardia and, more 
recently, of Cryptosporidium have been of major concern because they are often 
resistant to the disinfection procedures commonly used in the water treatment 
6See discussion on filter ripening below. 
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plants. These concerns have led to the formulation, in 1989, of the surface water 
treatment rule (SWTR) in the United States by the USEPA 7(Clark et al, 1992; 
Pontius, 1993). Among other things the rule requires the water authorities to 
treat the water so that at least 99.9% of Giardia and 99.99% of viruses are removed 
from the waters. It is in order to comply with these particular requirements of 
the SWTR that the water treatment authorities are increasingly turning to the use 
of PSD as an indicator of water quality. 
It has been suggested that turbidity, which is the traditional indicator used to 
monitor water quality in the filtration plants, may not be sensitive enough a 
measure. This is particularly the case if the source water is of good quality, i.e. it 
has a low level turbidity and low number of micro-organisms present. In these 
circumstances the operators have a proble~ of monitoring small changes in these 
· parameters, and thus optimising the operation of the plants. Lewis and Manz 
(1991) suggest that in these cases information about the numbers and sizes of 
particles removed, provided by PSD, would be more useful than the rather crude 
information provided by turbidity measurements. 
LeChevallier & Norton (1992) examined the relationship between PSD, Giardia, 
Cryptosporidium and turbidity. They found particle counting to be a more 
sensitive measure than turbidity, and thus concluded that it can be a useful 
indicator of plant performance. They also found that the probability of detecting 
the Giardia cysts and Cryptosporidium oocysts depended on the number of 
organisms in the water. However probably the most significant finding of their 
work was that particles of> SJlm size are indicators of Giardia and 
Cryptosporidium . 
This Sjlm size is important because it has been shown by several researchers to be 
within the range of particle sizes that are most difficult to remove by filtration 
(Clark et al, 1992; Moran D.C et al, 1993). Moran D.C et al (1993), in their work 
on filter ripening, found that particles in the 3-7Jlm range show low removal and 
early breakthrough. This was clear from the particle size analysis but not 
apparent from the turbidity or SS data. They noted that the significance of these 
findings was that particles in the range of 3-7jlm, which may include Giardia 
cysts and Cryptosporidium oocysts, are more likely than particles of a larger or 
smaller size to pass through the filters. Furthermore, as most water treatment 
7united States Environmental Protection Agency. 
BThe first outbreak of Cryptosporidium in the United States occurred when the SWTR was already being 
developed. USEPA decided, due to the lack of data on the Cryptosporidium organism, not to include it in 
the target requirement of the SWTR. However it was decided to include it in the proposed enhanced 
SWTR (ESWTR), (Pontius, 1993). 
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plants use turbidity to monitor the performance, these pathogens could get into 
the water supply without being detected. 
The role of PSD in the operation of the filtration plants 
The above discussion shows the importance of PSD as an indicator in controlling 
water borne disease. However PSD is also important as regards the performance 
of the filter. Clark et a! (1992) state that it is the characteristics of particles to be 
filtered, in particular the PSD and surface chemistry which essentially dictate the 
filter performance, yet these are often ignored in traditional methods of design. 
In particular PSD effects the filter ripening and the development of head loss. 
Filter ripening can be described as the improvement in filter performance, in 
terms of particle removal, from the initial dean bed performance. Several 
researchers have suggested that the cause of ripening is the retained particles in 
the filter bed(Clark et a!, 1992). These particles act as the collectors of further 
material and therefore the removal efficiency increases as the run progresses. 
The effect of retained particles on filter ripening is of particular relevance to this 
thesis and has been discussed in more detail later on in this chapter. 
PSD of the suspension to be filtered also affects the development of head loss in 
the filter. Darby and Lawler (1990) have suggested that head loss is related to the 
surface area of the particles retained. 
Particle counting and measurement of particle size distribution 
There are several instruments available that can simultaneously count and size 
particles in suspension and thus produce the particle size distribution of the 
suspension. These instruments differ in operating principles and in their 
measuring capabilities, and no one instrument is suitable for all requirements 
Lewis et a! (1992). The operating principles of these instruments have been 
described in detail elsewhere (AI-Ani et a!, 1985, 1986; Beard and Tanaka 1976, 
1977; McTigue, 1988 and Lewis et a!, 1992) and therefore will not be discussed 
here. The selection of a particular instrument depends on several factors. A step 
by step approach to evaluating and selecting particle counters has been described 
by Lewis et a! (1992). They suggest that the significant criteria in the selection of 
a particular particle counter are particle concentration, the range of particle sizes 
that is of interest, the flow rates expected, and the skill of the operator in using 
the instrument. For instance Lewis and Manz (1991) suggest that the instruments 
using the 'laser induced forward angle light scatter' technique (FALS) are 
particularly suited for particles in the 0.5-25!-lm range. They also suggest that 
particles in the lower end of this size range, which may include both Giardia cysts 
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and Cryptosporidium oocysts, are below the limit of detection of both Coulter and 
light obscuration instrumentation. Therefore FALS instruments are suitable in 
situations where Giardia and Cryptosporidium oocysts need to be detected. 
To sum up, the above discussion on the indicators of water quality shows that no 
single indicator is sufficient on its own. Turbidity is affected by particle size and 
is more sensitive to smaller size particles. However it has the advantage of being 
simple to measure. PSD provides the most detailed information and can be used 
to monitor small changes in filter performance where turbidity measurement is 
not sensitive enough. SS provides an absolute measure of the suspended solids 
content in the suspension. It can be used as a link between the turbidity and PSD 
measurements. 
2.2.2 Water quality requirements for slow sand filtration 
It is generally accepted that slow sand filtration requires low turbidity water for 
effective operation. This is because a high level of turbidity in the influent causes 
a rapid rise in head loss, resulting in short intervals before the filters have to be 
cleaned, and consequently they are frequently taken out of service. Therefore the 
question arises 
• What is the acceptable level of influent turbidity which can be efficiently 
treated by a slow sand filter? 
There is no agreement on the actual value of the turbidity that can be tolerated. 
Table 2.1 below shows the wide range (5 -120NTU) of influent turbidity values 
suggested by various authors which can be used in conjunction with slow sand 
filtration. It can be seen that although turbidity values as high as SOTU over a 
long period have been suggested as being tolerable, the majority of the authors 
suggest an influent turbidity value of less than lONTU for effective operation of a 
slow sand filtration plant. 
2.3 Pretreatment methods 
It has been mentioned earlier (in section 2.2.2) that slow sand filtration requires 
low turbidity water for effective operation._ Therefore, if the influent water has 
high turbidity, it needs to be pretreated in order to reduce its turbidity. The 
pretreatment methods available fall into three broad categories: 
• Storage and plain sedimentation. 
• Chemical destabilisation and sedimentation. 
• Roughing filtration. 
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Table 2.1: Water quality requirement for slow sand filtration suggested in the 
literature. 
Sources Turbidity Comments 
tolerated 
Huisrnan and Wood ~ 10rng/l For best results. 
(1974) ~SOmg/1 Can be tolerated for longer periods. 
100-200 mg/1 For a few days. 
(the turbidity units are rng/1 of Si02) 
Dangerfield (1983) ~30JTU Can be applied directly to SSF at the 
rate of Srn/ d 
~ 10JTU Preferable 
Cleasby et al (1984) in <SNTU Concluded that turbidity alone is not 
Logsdon and Fox (1989) sufficient to predict the filter run 
lengths and algae cells have a strong 
influence on the run length. 
Thanh and Hettiaratchi ~20NTU Experience in tropical climates showed 
(1982) that pretreatment required if raw 
water turbidity exceeds 20NTU 
Ellis (1985) 10- SOTU Max. turbidity for prolonged periods 
50 -120TU Can be tolerated for 1-2 days 
Wegelin (1986) < 10NTU 
Smith (1995) <SNTU For effective operation. The filtration 
plant was stopped when the raw water 
turbidity exceeded 14NTU (approx. 
10NTU afterp_retreatrnent) 
Montiel et al (1988) < 10NTU Raw water turbidity < 40NTU 
maximum to insure < 10NTU after 
pretreatment. The plant was shut 
down when river Seine raw water 
turbidity exceeded 100NTU. 
Di Bernardo (1988) < 10TU 
<25TU In developing countries 
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Storage and chemical destabilisation pretreatment methods are not directly 
relevant to the context of this thesis and will only be discussed briefly here. 
Storage on its own is often not efficient enough if the influent has a high content 
of fine material. Even well designed settling tanks will only effectively remove 
particles greater than 2011m. To remove fine particles by sedimentation, 
destabilising chemicals such as coagulants need to be added to the water. These 
will cause the fine particles to form into floes which can then be removed by 
sedimentation. However the use of chemicals has many drawbacks. These 
include cost, need for regular and reliable supply and availability of skilled 
operators. Furthermore the addition of chemicals can adversely affect the 
biological processes in a slow sand filter (Wegelin 1988). Chemical pretreatment 
is a process requiring trained operators and careful monitoring, which is not 
compatible with slow sand filtration, which is essentially a simple process. 
Roughing filtration is an alternative pretreatment. It can be very effective in 
reducing turbidity and it is often a simple technology, which means that it is 
compatible with slow sand filtration. Various forms of roughing filtration are 
discussed below. 
2.3.1 Roughing filtration 
The roughing filters traditionally used in water treatment can be classified by the 
type of filter media (sand or gravel) and by the direction of flow (upflow, 
downflow or horizontal flow). The first two rows in the list below are the main 
types of roughing filters. Good sources of information on roughing filtration in 
general are Wegelin (1992) and Graham (1988). Horizontal roughing filtration 
has been discussed in detail in Wegelin (1986). Recently, research has been 
carried out on another type of roughing filter, known as a pebble matrix filter 
(Ives and Rajapakse, 1988), which consists of a bed of pebbles which is partially 
filled with sand. Research has shown that this type of filter can be used to treat 
very high turbidity waters at a cost of relatively low head loss (Ives and 
Rajapakse, 1988; Rajapakse and Ives, 1990). 
• Gravel: Upflow, Downflow, Horizontal flow. 
• Sand: Upflow, Downflow. · 
• Pebble matrix filter: Downflow. 
Sand filters are usually cleaned by backwashing. However, upflow filters are 
sometimes cleaned by rapid draining prior to backwashing. It is not possible to 
fluidise the gravel, so the gravel filters are generally cleaned by rapid draining. 
The pebble matrix filters are cleaned by a 'drainage and backwash' method 
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described in Rajapakse and Ives (1990). The pebbles in the pebble matrix bed 
permit rapid drainage of the bed which would not be possible with a bed 
consisting of sand alone. The draining process removes the majority of the 
deposits in the bed. Final cleaning is achieved by backwashing the sand. 
Table 2.2 below shows a summary of the methods of cleaning which are 
generally used with the various types of roughing filter. 
Table 2.2 Methods of cleaning for various roughing filters 
Method of cleaning 
Filter medium Up flow Downflow Horizontal 
flow 
Sand BW,RD BW -
Gravel RD RD RD 
Pebble matrix - BW,RD -
where BW =backwash and RD = rapid drainage. 
Comparison between various types of roughing filters 
The relative merits of sand roughing filters and gravel roughing filters have been 
discussed in chapter 1. Each type of filter has its advantages and disadvantages. 
The question therefore arises: 
• How to compare between the various types of filters? 
One way of comparing between the variou_s types of filters is to look at the 
volume of media required by each filter to treat a particular volume of water. 
The significance of the volume of media is that it affects the overall cost of the 
project in terms of: 
• Cost of the filter media. 
• Cost of the excavation required. 
• Cost of the construction of the filter boxes. 
Table 2.3 below shows a comparison of the various types of roughing filters in 
terms of the volume of media required by each to treat 1m3 of water. The values 
of filtration rates and filter lengths/ depths used to calculate at the equivalent 
volumes are typical values as quoted in the literature. It can be seen that in 
general the gravel filters require a much larger volume of media to treat an 
equivalent amount of water as compared to sand roughing filters. For instance, a 
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gravel horizontal roughing filter requires 50 times the volume of media required 
by a typical sand roughing filter. The values for slow sand filters are also 
included for comparison. It is generally accepted that one of the disadvantages 
of slow sand filtration is the large size of the filters. Yet it is interesting to note 
that a typical horizontal roughing filter can require more volume of media as 
compared to a typical slow sand filter. On the same note table 2.3 also shows the 
relatively small volume of media required by a pebble matrix filter. This 
illustrates the benefits of a pebble matrix filter in that it offers the advantages of a 
gravel filter in terms of high storage capacity and low head loss combined with 
the small size of a sand filter. 
Table 2.3 Comparison of the volume of filtration media required to treat 
tm3 of water per hour for various types of roughing filters 
Filtration rate Area Filter length or Volume of 
Type of filter (m/hr) m2 depth (m) media 
Range Mean Range Mean m3 
Gravel- upflow9 0.3-1 0.65 1.54 3-4.5 3.75 6 
Gravel- downflow 0.3-1 0.65 1.54 3-4.5 3.75 6 
Gravel-HRF 0.3-1.5 0.9 1.11 6-12 9 10 
Pebble matrixlO 0.5- 1.5 1.0 1.00 0.64- 1.3 0.97 1 
Sand- downflow11 3-6 4.5 0.22 0.75-1.0 0.88 0.2. 
Slow sand filter12 0.1 -0.2 0.15 6.66 0.8-0.9 0.88 6 
2.4 Relevant aspects of theories of filtration 
There is a very considerable amount of literaure on the theroy of deep bed 
filtration. Thorough reviews on this topic can be found in Ives (1971, 1980) and 
O'Melia (1985). The author has limited his review here to the works which are 
particularly relevant to this thesis. These include in particular aspects of filter 
ripening. 
9The filtration rates and lengths for gravel-upflow, gravcl-downflow and HRF are typical values as given 
in Wegelin (1988). 
10 The values for a pebble matrix filter are taken from the experimental filter as given in Ives (1988). 
11Typical range of values for a downflow rapid sand filter used without coagulants. 
12The values of slow sand filtration are included for comparison and are taken from Visscher (1988). 
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2.4.1 Removal mechanisms 
The mechanisms governing the removal of particles from suspension in rapid 
filtration have been described in detail by Ives. (Ives 1967,1970,1971,1975,1980.) 
The following is a brief summary of aspects of removal mechanisms most 
relevant to this work, based on the work of Ives (1980). 
Waters typically required to be treated by rapid filtration contain particles which 
are in general much smaller than the pores of the filter, fig. (2.1), (Ives 1970). This 
shows that straining is not an important removal mechanism in rapid filtration. 
This means that, due to the laminar flow regime in the filter, the majority of 
particles will have to be transported across the streamlines, if they are to come 
into contact with the grains. Once there, the particles can then attach themselves 
to the grain surface and thus be removed from suspension. The removal of 
particles from suspension can therefore be classified into two different categories, 
the transport mechanisms and the attachment mechanisms . 
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Fig .. 2.1 Diagram of small filter pores showing typical particles to be filtered (reproduced from Ives 1970 
p203) 
Transport mechanisms include sedimentation, diffusion, interception, inertia, 
hydrodynamic action and orthokinetic flocculation. A naturally occurring 
suspension is liable to contain particles of different sizes and of different 
materials. It is therefore likely that a variety of transport mechanisms will be 
occurring simultaneously. Very small colloidal particles, less than 1Jlm in size, 
will probably be transported by diffusion, while for larger and heavier particles, 
gravity will be the most significant mechanism. Particles of around 1Jlm size are 
too large to be affected by diffusion and too small for gravity or interception to 
be significant. Yao (1968, according to Ives 1970) has demonstrated with spherical 
plastic particles that particles of about 1Jlm size exhibit a minimum in filtration 
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efficiency (fig. 2.2). These are particles of bacterial size and are most difficult to 
remove without flocculation (Ives 1980). 
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Fig. 2.2 Filter efficiency against particle size (Yao 1968, reproduced from Ives 1975, p 197) 
Of the above filtration mechanisms, sedimentation is probably the most 
influential in water filtration. Particles in suspension will settle on the filter 
grains under the influence of gravity. The heavier the particles, the more readily 
they will settle. Ives (1960) explains the sedimentation in terms of velocity 
vectors. A particle in suspension is under the influence of a constant 
gravitational velocity vector and a variable streamline velocity vector. The 
settlement of particles will depend on the relative magnitude of these two 
vectors. In laminar flow there are regions ~f very low velocity near the surface of 
the grains. This means that even very small particles with density close to water 
may also be removed by sedimentation. This shows the significance of 
sedimentation in water filtration. Sedimentation is also important in upflow 
filtration. This is shown by the settlement of deposits on the top of the grains. 
2.4.2 Head loss theories in filtration 
The Kozeny-Carman equation explains the head loss development in a clean bed 
of granular media. Most of the traditional theories explaining the behaviour use 
the Kozeny-Carman equation as their basis. Sakthivadivel et al (1972) carried a 
critical review of the various theories. They concluded that, although the 
different theories agreed initially in explaining the behaviour of the clean filter 
bed, they predicted widely different results for a clogged bed. They also 
suggested that, as reliable methods were not available to measure various 
coefficients, the equations had to be calibrated for different experimental 
conditions. 
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2.4.3 Filter ripening 
Traditional theories of filtration have explained the behaviour of a clean filter 
bed. Clean bed conditions apply only at the start of a filtration cyclel3. At this 
stage the particles in suspension are deposited on the clean filter media. For 
most of the filter run, however, the filter bed is not clean, and it has been 
suggested (O'Melia and Ali, 1978) that the deposited particles become part of the 
filter medium and act as collectors of further material. This results in an increase 
in the removal efficiency and the process has been described as filter ripening. 
Researchers have used two main approaches in investigating filter ripening. 
Some researchers have attempted to explain the ripening mathematically by 
developing theoretical models. Others have adopted an experimental approach 
and have attempted to explain ripening by observing the ripening under 
controlled experimental conditions. Some of the work in these two areas is 
discussed below. 
2.4.3.1 Ripening models 
Traditional models of filtration describe the performance of clean beds. However 
since 1970's several researchers have investigated filter ripening and proposed 
theoretical models which describe the filter behaviour as the deposits accumulate 
in the bed. Most of these models are based on the postulate that the deposited 
particles act as collectors of further material. The original model of O'Melia and 
Ali (O'Melia and Ali, 1978) was limited to predicting the behaviour of 
monodispersel4 suspension. As natural suspensions contain particles of several 
different sizes, subsequent researchers have modified the original model to 
predict the behaviour of suspensions made up of different sized particles (e.g. 
Vigneswaran and Aim, 1985; Vigneswaran and Tulachan 1988, Darby et al, 1992). 
Some of these models are described in Table 2.4 below. 
Despite attempts by researchers to make the models realistic, the models are 
only partially successful in simulating real life filtration. This is because the real 
life situation in filtration is much more complex. For instance the models 
proposed so far do not account for the change in PSD of the suspension during 
filtration. Furthermore the models assume spherical particles and spherical 
media. This is not the case in real life. Another of the limitations of the ripening 
models described is that they rely on empirical coefficients which need to be 
determined by experimental results. Mackie et al's (1987) model attempts to 
13filtration cycle can be defined as comprising of all the stages in a filtration run, starting from a clean 
filter bed to the time it is cleaned. 
14Suspension in which all the particles are of the same size. 
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Table 2.4 Theoretical models of filter ripening 
Authors Brief description and characteristics of the model 
Yao et a! (1971)11 A model describing the clean bed behaviour, which suggested that 
there exists a particle size for which the removal efficiency is minimum. 
For the conditions expected in water filtration this size is about IJ.lm. 
O'Melia and Ali This is a ripening model which predicts the head loss and removal 
(1978) efficiency during filtration. It was developed from the clean bed model 
of Yao et a! (1971), and was based on the following assumptions: 
• Particles of lJ.lm show minimum removal efficiency (Yao et a! 
1971). 
• This size effect persists throughout the filtration . 
• The retained particles act as collectors of further particles . 
Vigneswaran and O'Melia and Ali's (1978) model described the ripening stage in the 
Tulachan (1988) filtration process. It did not describe the breakthrough stage in the 
filtration cycle. Vigneswaran and Tulchan (1988) modified O'Melia and 
Ali's model so that it could be applied to the entire filtration cycle. 
Mackie eta! This is probably the most comprehensive model of ripening behaviour. 
(1987) The model had three main components: 
1) Deposits act as collectors 
2) It is necessary to consider. both the microscopic and macroscopic 
effects of deposition on a grain. Two modes of deposition are 
considered. 
-Particles form dendrites 
-Combined smooth coating and dendrites 
3) The model takes into account the change in velocity near the grains 
as a result of deposition. In this way it is different from other models 
which consider the change in mean interstitial velocity. This allows the 
model to account for polydispersity of suspensions. 
Darby et a! (1992) Darby et al (1992) modified the O'Melia and Ali (1978) model to take 
account of hetero-disperse suspensions. They tested the model with the 
results from experiments using monodisperse, bi-modal and tri-modal 
suspensions. The results showed that in order to predict filtration 
performance with non-monodisperse suspensions the model needed to 
be calibrated with experimental results using non-monodisperse 
suspensions. Furthermore the model was not capable of taking account 
of changes in PSD during filtration. 
11 This was not a ripening model but it has been included in this table because it was the basis of the subsequent 
ripening models. 
21 
overcome this limitation by evaluating some of these parameters mathematically. 
However there are still parameters in the model which need to be determined 
empirically. 
2.4.3.2 Experiments in filter ripening 
Some of the limitations of filter ripening models have been described above. In 
particular the models are not sophisticated enough to take into consideration the 
change in the PSD which occurs as the suspension is filtered. Empirical research 
has the advantage over theoretical research that phenomena which are too 
complex to model can be observed experimentally. Research has gone on in 
parallel to determine experimentally the effect of particle size on filter ripening. 
In this section some of the recent work carried out in this area is discussed. 
Several researchers have investigated filter ripening using a variety of 
suspensions. Therefore in order to compare the results of different investigations 
the experimental conditions in various ripening experiments have been 
presented in Table 2.5. 
Darby and Lawler (1990) observed that particles of certain sizes were removed in 
preference to others. This was even the case when the suspension consisted of 
monodisperse particles with a narrow size distribution. They suggested that 
removed particles formed floes, which subsequently sheared off and as a result 
the PSD of the suspension changed with depth and time. They also observed 
that the head loss development in the filter bed correlated to the surface area of 
the entrained particles. 
Ginn et a! (1992) also investigated filter ripening. Using a natural suspension and 
natural filter media they developed a conceptual model which incorporated both 
particle attachment and detachment. They observed that the larger particles 
were removed less efficiently as the run progressed. They concluded that a 
major source of particles in the filter effluent were particles that had become 
detached from the filter bed. They suggested that, as particles formed floes in the 
filter bed before becoming detached, this resulted in a shift in the PSD of the 
suspension towards larger sizes. 
Clark et a! (1992) took the work carried out by Darby and Lawler (1990) a stage 
further and used a natural suspension, comprising of lake water with polymer 
added, to investigate filter ripening. They found that initially ripening occurred 
for all particle sizes. However for small sizes the ripening continued for several 
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Tabe 2.5: Experimental conditions in ripening experiments 
Filtration media 
Authors Duration Velocity Turbidity ss Filter Depth 
(hours) (m/h) (NTU) (mg/1) Dia (mm) 
(mm) 
Moran D.Cet 24-50 6.5-19.8 1.6-3.2 3.0-6.3 76 946 
al (1993) 
MoranM.Cet 8-47 6.5-19.8 1.4-15.2 3.0-24 76 961 
al (1993) 565,936 
220 
Clark S.C et a! 4-24 6.5-19.8 0.95-2.7 1.6-3.7 76 220 
(1992) 
949 
Ginn )rT.M et 20-30 12.2 1-2 64 
al (1992) 240 127 
Darby).L& 4-7 6.1 38 140 
LawlerD.F 
(1990) 
Mackieetal 6-8 2.4-7.2 138 
(i987) 
Filtration Media: G=Glass spheres, S=Sand, C=Anthracite coal 
Suspension Material: N=Natural, L=Laytex spheres P=PVC powder 
Suspension Type: H=Hetrodisperse, M=Monodiserse, B=Bimodal, T=Trimodal 
Type Size 
(mm) 
G 0.78,1.85 
0.78 
JG 1.85,0.78 
0.43 
G 0.8 
1.85 
3.68 
C+S 
G 0.5-0.6 
G 0.5-1.0 
Suspension 
Material Type Particle Main 
Size Measure 
(J.lm) - ments 
N H PSD,v,T, 
t,SS,P 
PSD(c) 
}N H 
N H 1-13 PSD(c) 
N H 0.6-30 PSD(l) 
L M .6,2,6,21 PSD(c), 
(0.6+6) P,v 
B (2+6) 
(21+6) 
T 2+6+21 
p H .15-15 PSD(c) 
Measurements: PSD(c) Particle size distribution using coulter counter, PSD(l) Particle size distribution using laser counter, T=turbidity, 
S=Suspended solids,v=filtration velocity, P=Pressure, t=time 
Depth Frequency 
(hrs) 
0,193,56 
5,746 
(0,38,83, 0.5-2 
165) 
(0,193,56 
5,746) 
-10,10, 1 
55,90 
0,25,50, 
100 
hours while it slowed down or even reversed for larger particles. This was 
consistent with the findings of Darby and Lawler (1990). 
Moran D.C. et a! (1993) and Moran M.C. et a! (1993) carried the investigation into 
filter ripening further still and investigated the different stages in the filtration 
process. Moran D.C. et a! (1993) investigated filter ripening and breakthrough 
and suggested that filter ripening and breakthrough are not distinct stages but 
occur simultaneously in the filter bed for different particle sizes. Moran M. C. et 
al (1993) investigated the particle detachment process explicitly by experiments 
designed to induce particle detachment. They found that particles in the 
intermediate size range, which included Cryptosporidium oocysts, were the easiest 
to detach. 
The experimental work discussed above shows the importance of PSD in 
filtration. However it should be noted fro~ table 2.5 above that, with the 
exception of work by Ginn et a! (1992), glass spheres have been used as filter 
media in all other work presented here. Although this makes the results more 
compatible with the theoretical models presented above, which also assume 
spherical media, they do not represent the natural media found in most real life 
filters. 
2.4.3.3 Biological mechanisms in rapid filtration 
It is an established fact that the principal mechanism of particle removal in slow 
sand filtration is biological. Biological action in rapid sand filters is not generally 
considered to be important. However, there is evidence which shows that 
biological action is in fact important in rapid sand filters. 
Meheus et a! (1982) investigated the biological aspects of rapid sand filter 
backwashing and found evidence of biological action. Czekalla et a! (1985) 
investigated the removal of iron and manganese by rapid sand filters and 
concluded that they worked in exactly the same way as naturally occurring 
ground water purification, which means biologically. Furthermore they 
concluded that 'rapid sand filters not treated by oxidising agents are biotechnical 
plants and the resident bacteria require optimal care (i.e. physiochemical 
conditions) to operate efficiently, as is the case with any living system'. 
2.4.4 Backwashing and fluidisation 
It has been mentioned in Chapter 1 that one of the advantages of sand filtration 
over gravel filtration is its ease of cleaning. Sand filters are cleaned by fluidising 
the sand during backwashing. During fluidisation the number of collisions 
between grains is very limited (Amirtharajah, 1978). Therefore scour action 
between sand grains cannot be regarded as the principal mechanism of removal. 
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The cleaning of the sand when the bed is fully fluidised is due to the 
hydrodynamic shear forces acting in the sand grains. It is therefore like! y that 
the maximum cleaning of the sand bed grains during fluidisation will occur 
when the hydrodynamic forces are at a maximum. It has been suggested by 
many researchers that this maximum occurs when the porosity of the fluidised 
bed is around 0.7, and consequently it has been suggested that for optimum 
backwashing the sand bed should be fluidised so that its porosity is 
0.7(Amirtharajah, 1978). 
Two questions arise: 
• How critical is this value of 0.7? 
• Is it necessary to get the bed fully clean for the best performance? 
It has been suggested that the maximum hydrodynamic shear occurs on a flat 
part of the shear versus porosity curve (Amirtharajah, 1978). Amirtharajah 
showed that a change in porosity from 68% to 52% resulted in a decrease in shear 
of only 7.8% (Amirtharajah, 1978). The above result leads one to question the 
necessity of washing at the 'optimum' porosity. This is because washing at a 
higher porosity would require more energy (head) in expanding the bed, and 
also a higher expansion would require deeper filter boxes, which in turn would 
mean a greater construction cost. The question therefore needs to be asked 
whether this expense is justified for the marginal improvement in cleaning. 
Several researchers have suggested that backwashing alone is a weak process 
(Johnson & Cleasby, 1966; Amirtharajah, 1978). This is due to the lack of 
collisions between particles during fluidisation. It has been suggested that air 
scour during the washing process would increase the number of collisions 
between particles and lead to a cleaner bed. As has been mentioned above, the 
significant question which needs to be asked is: 
• Is it necessary to get the bed fully clean for the best performance? 
The discussion on filter ripening presented in the previous section suggests that a 
slightly dirty bed may result in a better removal efficiency as compared to a fully 
clean bed. If .this were the case then washing at the 'optimum' expanded bed 
porosity of around 0.7 may not result in th~ best effluent quality. 
2.5 Concluding remarks 
Filter ripening has been discussed in detail here and evidence presented which 
shows that it is affected by the suspension being filtered. The suspension used in 
this research is described in Chapter 3. The concept of filter ripening is a theme 
which is central to the thesis and is used to explain experimental results in 
chapters 5, 6, 8 and 9. 
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Chapter 3 
SUSPENSION AND FILTER MEDIA 
3.1 Introduction: 
This chapter deals with the selection and preparation of the suspension and filter 
media. A description is given of the various types of sand and gravel used in 
these experiments. The reasons for choosing each filter medium are discussed 
later on in this thesis. 
3.2 Suspension used in filters 
The criterion for the suspension to be used was that it should as far as possible 
simulate turbid river water. It should also be quite stable, i.e. it should remain in 
suspension with only the gentle agitation which could be expected in normal 
river flow. Settlement in the pipe work of the apparatus should be kept to a 
minimum. In view of the above considerations, synthetic suspension forming 
materials such as PVC microspheres were rejected as they would not be found 
naturally in river waters. Other materials considered were natural clay and 
purified clay, Kaolin. Clay was chosen initially as it was readily available in 
large quantities, with a view that Kaolin may be used in future experiments if 
required. 
3.2.1 Choice of clay 
Several samples of clay were taken from various sites on the university campus 
and settlement tests were carried out. The clay chosen for the experiments came 
from the bottom of a 2m deep trench being dug at the time on the campus. This 
produced the most consistently stable suspension of all the samples tested. All 
the clay was taken from the same spot. This was to insure that all the material 
collected was almost the same. The clay was kept in large polythene bags, which 
were sealed to retain the initial moisture. 
3.2.2 Preparation of suspension 
The procedure for the preparation of the suspension developed as the research 
progressed. However one major factor that has remained constant throughout 
the experimental program was that in all experiments the suspension used had 
been pre-settled for one hour. This resulted in a suspension that was very stable. 
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For the first set of experiments (upflow vs downflow) the suspension was 
prepared as follows: 
A sample of clay weighing approximately 1kg was taken from the storage bags. 
For each run 30g of clay was broken up into small pieces and then mixed with 1 
litre of water in a liquidiser. The mixture was blended together for 15 seconds, 
left to stand for 15 seconds, and then blended again for a further 15 seconds. The 
suspension was then poured into a 1litre graduated beaker and left to settle for 1 
hour. The top 80% of the suspension was then decanted and added to an 80 litre 
tank full of tap water. It was found that by following the above procedure a 
turbidity of between 80 and 90NTU could consistently be achieved. 
To reduce the frequency of making suspension the apparatus was modified. The 
801 tank was replaced with two 1801 drums One of the drums was used to store 
stock suspension of very high concentratio~. This stock suspension was then fed 
via a peristaltic pump to the second drum, where it was diluted with tap water to 
a turbidity of between 80 and 90NTU. 
In order to achieve the very high concentration required for the stock suspension, 
the preparation procedure was modified as follows: 
Powdered clay was used to facilitate blending and reduce the load on the 
liquidizer. Approximately 2 to 3kg of clay was taken from storage, broken up 
into small (approximately 25mm) pieces with a hammer and left in an oven 
overnight to dry. The dried clay was then put in an electric grinder and ground 
for 5 minutes per batch. The powder was then transferred to an air-tight 
container for storage. 
To prepare the suspension, 300g of the clay powder was weighed out and placed 
in the liquidizer. Water was then added to make the total volume 1litre. The 
mixture was then blended at maximum speed for two intervals of two minutes, 
with a two minute pause between the mixes. The mixture was then put into six 1 
litre graduated beakers and the volume in each beaker was made up to 1litre by 
adding tap water. The contents of each beaker were then blended for a further 10 
seconds to homogenise the mixture, and left to stand for 1 hour. The top 80% of 
the suspension from each beaker was decanted and added to the stock tank full 
of water. This procedure achieved a stock suspension of between 500 and 
600NTU. The feed rate from the stock tank was adjusted to achieve the final 
turbidity required in the mixing tank. Fig. 3.1 below shows the typical particle 
size distribution of the suspension used. It can be seen that in the shown, 50% of 
the particles are below 4Jl and about 10% are below 1Jl. The significance of these 
particle sizes has been discussed in Chapter 2. 
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Fig. 3.1: Particle size distribution of the suspension 
3.3 Filter media 
3.3.1 Gravel 
Gravel used in HRF 
Experiments were carried out on two horizontal roughing filters. The gravel 
used in these was between 4 and 5 mm. The reasons for the choice of this narrow 
size range are given in chapter 6. 
Gravel used in upflow sand filters 
The primary purpose of gravel in vertical flow sand filters is to distribute the 
flow evenly and also to prevent the filter sand from getting into the filter base 
and the pipe work. However, experimental results indicate that in upflow filters 
a significant amount of turbidity is removed in the gravel and the gravel acts as a 
prefilter. The depth and grading of gravel used were based on the method of 
calculation given in Fair, Geyer, and Okun (1968). 
3.3.2 Sand 
The filter sand used in all experiments was_ Leighton Buzzard sand. Presieved 
Leighton Buzzard 'fine', 'medium' and 'coarse' sand was acquired and remixed to 
achieve the desired sand grading. 
Sand used in preliminary experiments 
Figs. 3.2a and 3.2b and 3.2c below show the grading curves for the sand used in 
preliminary experiments. 
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Sand used in main experiments 
The sand used in all the main experiments was Leighton Buzzard medium sand. 
It had a narrow size grading between 1.18 mm and 0.6mm 
The reasons for choosing various sand and gravel sizes have been given in the 
chapters in which they have been first used. 
3.4 Conclusion 
• The suspension used in these experiments was designed simulate 
natural water. 
• The method of preparation provided stable suspension of consistent 
turbidity to be used in the various filtration experiments. 
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Chapter4 
PRELIMINARY EXPERIMENTS (PART 1): COMPARISON OF UPFLOW 
VERSUS OOWNFLOW FILTRATION. 
4.1 Introduction 
This chapter is first of three which deal with preliminary experiments carried out 
at the beginning of the research. This chapter is concerned with a comparison of 
upflow and downflow filtration process. 
Most rapid filters are run in downflow. However it has been mentioned in 
chapter one that upflow filtration offers many theoretical advantages over 
downflow. These are : 
• Simplicity of design 
• Possibility of washing using raw water 
• More suited to a wider sand grading as compared to downflow 
The objective of roughing filtration is to reduce the turbidity of water. The 
question therefore arises about how upflow filtration compares with downflow 
filtration in removing turbidity. To answer these questions a series of 
experiments was carried out in which upflow filtration was compared with 
downflow filtration. The effects of variations in bed depth, filtration rate, influent 
turbidity and sand grading on effluent turbidity and the rate of head loss build-
up were investigated. The findings of these experiments are presented in this 
chapter. 
4.2 Description of Apparatus 
The apparatus used in this set of experiments was adapted from equipment 
already available. The general layout of the apparatus is shown in fig 4.1 and 
plate. 4.1. The main components of the apparatus were two filter columns, a 
stock suspension storage tank, a constant head feed tank, and a backwash tank. A 
brief description of these is given below. 
4.2.1 Filter Columns 
The two filter columns were made of perspex. Each was 300mm long and had a 
nominal internal dia of 50mm. Each filter had a fine mesh screen in the bottom to 
support the sand. This was needed because the length of filter columns was too 
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Comments on the size of filter columns used. 
Ives (1980) has shown that in deep bed rapid filtration, the mechanisms which 
govern the removal of particles from suspension depend on the conditions that 
prevail within and in the vicinity of the filter pore. It therefore follows that if the 
conditions in and around the pores in a experimental filter are made similar to 
those found on a full scale filter, the results obtained by the experimental filter 
would be representative of the full scale filter. This can be achieved by using the 
same media and packing order in the experimental filter as used in the full scale 
filter. 
Along the walls of the filter column the packing order of the media grains is 
different, and the porosity is higher as compared to the rest of the filter. This 
results in a flow along the walls of the filter which is not typical. This is known as 
the 'wall effect'. If the flow along the walls is small compared to the total flow 
through the filter, then the wall effect is small and the results of the experimental 
filter are representative of the full scale filter. Rose (1950) has shown that for a 
clean bed, the error due to wall effects less ·than 5% , if the ratio of the filter 
diameter (D) to the grain effective size Cd1o) is greater than 50: 1. This ratio of 50: 
1 has been widely used and Ives (1980) suggested that at this ratio only 2% of the 
flow passes through the non typical pores along the wall. More recently Lang et 
al. (1993) investigated filters with ratios of filter diameter to the effective grain 
size varying from 26:1 to 6000:1. They found no significant wall effects in any of 
the filters, and recommended that a ratio of 50:1 or more be used for most pilot 
filters. The coarsest sand used in experiments carried out with these filters had 
an effective size of 0.68mm, which resulted in aD/ d10 ratio of approximately 
73:1; i.e. well within the recommended limits. 
4.2.2 Stock Suspension Storage Tank 
The suspension was stored in a plastic tank which had a capacity of 801. 
4.2.3 Constant Head Tank and Feed -System 
The suspension was syphoned from a constant head tank and fed to the filters 
via two inclined tubes. The inclined tubes were provided to prevent the water 
rushing straight down and forming air bubbles in the base of the filters. In this 
way the flow into the filters was kept constant. 
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4.2.4 Backwash Tank 
The filters were washed from a plastic tank fixed just above the level of the 
constant head tank. The tank was filled via a tube attached to a tap. 
4.2.5 Measurement Devices 
4.2.5.1 Turbidity: 
Turbidity was measured using a HACH turbidity meter. This gave readings in 
NTUs. 
4.2.5.2 Head loss: 
Head loss across the filters was recorded using manometers connected via tubes 
to the top and bottom of each filter. 
4.2.5.3 Filtration Rate: 
The filtration rate was calculated by measuring the time taken to collect 50ml of 
the effluent. A 50ml volumetric flask was used for this purpose. This had a long 
narrow neck through which the effluent rushed up quickly. The time taken to 
reach the 50ml mark could thus be recorded precisely. 
4.3 Method 
4.3.1 Preparation for the filter run. 
Before any experiments could be carried out, the apparatus had to be prepared 
for a filter run. The sequence of the initial setting-up procedure is described 
below. 
Removing air from the system. 
First stage in the setting up procedure was to fill the system with water and to 
remove any air bubbles trapped in the apparatus. Any air bubbles present in the 
system could make the manometer readings unreliable, while air bubbles 
trapped in or underneath the filter beds could cause atypical flow conditions in 
the vicinity. To prevent air coming out of solution the filters were filled with 
warm water which was about 3 oc above the room temperature. The filters were 
filled from below. It was found that air bubbles would get trapped under the 
fine mesh at the base of the filters. These were removed by inverting the filters 
and allowing air to escape via the backwash inlet. After all the air had been 
removed from the system the sand was put in the filters. 
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Putting sand in the filters 
In order to ensure that the results from the two would be comparable, it was 
important that both filters were filled with equivalent amounts of the same 
media. Equivalent weights of media can be defined as the weight which would 
produce the same depth of media in each filter. Since the diameters of both 
filters were almost the same, it was found that equivalent weights were also very 
similar. Equivalent weights of sand were put in each filter column and stirred 
manually in order to ensure that any air bubbles trapped were released. The 
sand beds in both filters was then fludized from the backwash tank and then the 
backwash valve was closed rapidly. This was to ensure that the initial packing 
and the porosity in both the beds was same. 
The bed depths used in the experiments were 21cm and 11.5cm. It was found that 
21cm was the maximum depth of media which could be used, without significant 
media loss during fluidisation. 
Equalising the filters 
Next the siphons were started and clean water passed through the filters. The 
filtration rate was measured using the method earlier in section 4.2.5. The 
siphons were adjusted so that the filtration rate in each filter was the same. The 
initial head loss across the filters was measured using the manometers. Often it 
was the same across both filters but on some occasions when there was a small 
difference, the filter with a lower head loss was very gently tapped to reduce the 
porosity and increase the head loss, until the head losses were the same across 
both filters. This process was known as 'equalising the filters'. The filters were 
then ready for an experimental run. 
4.3.2 Filter run 
After the siphons had been running at a steady rate for five minutes, turbidity in 
the form of a concentrated clay suspension was added to the stock suspension 
storage tank. This time was recorded as time t=O for the experiment. 
Measurements of filtration rate, head loss and influent and effluent turbidities 
were taken at frequent intervals throughout the filter run. The filter run was 
continued till the head loss became excessive or as was most often the case the 
stock suspension ran out. 
4.3.3 Backwashing procedure 
At the end of a filter run, the filters were back washed from the overhead 
backwash water tank. The backwash tank had two marks on it. To ensure that 
both filters were washed the same amount, the backwash was started with the 
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water in the backwash tank at the top mark and terminated when the water had 
dropped to the lower mark. 
It was found that washing with water alone did not produce a visibly clean bed. 
This was evident by looking at the colour of the filter bed. The partially fluidised 
bed was stirred manually with a stirring rod. This process produced a very 
visibly clean sand bed. 
4.4 Results 
A series of filtration experiments was carried out in which upflow filtration was 
compared with downflow filtration. In these experiments bed depth, filtration 
rate, influent turbidity and sand grading were varied and the effect on effluent 
turbidity was investigated. 
Table 4.1 below shows a summary of experiments carried out. A summary of the 
experimental results is given in Appendix A4.1. 
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TABLE 4.1 : Summary of Upflow-Downflow Experiments 
Test Filtration Bed Sand Influent Remarks 
No Rate Depth Grading Turbidity 
3 H s u L Ave. influent turbidity= 50 
4 L s u H 
5 L s u L Ave. influent turbidity= 15 
6 L s u M 
7 L s u M 
8 L s u M Long term test 
9 H s u M 
9a H s u M 
10 H s u M 
11 H D u M 
12 H D u M 
13 L D u M 
14 L D u M 
15/15a L D u M Long term test 
16 L D u M 
17 L D u H 
18 L D u M 
19 L D WG M 
20 L D WG M 
21/21a L D WG M 
22/22a L D WG M 
Key and Explaination of Symbols Used: 
Filtration Rate: 
Bed Depth: 
Sand Grading 
Turbidity 
L= Low filtration rate (3m/hr) 
H=High Filtration Rate (9m/hr) 
S= Shallow bed (11.5cm) 
D= Deep bed (21cm) 
U= Uniform Grading (NC = 1.44) 
WG= Wide Grading (NC = 2.0) 
L=low turbidity (<50NTU) 
M=mediun turbidity (70 -100NTU) 
H=High Turbidity (>150NTU) 
Firstly multiple regression analysis was performed on all the variables to see if an 
overall mathematical relationship existed between the variables. This was 
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carried out using the SPSS statistical package available on the university's main 
frame computer. These results are presented in section 4.4.1 below, followed by 
two graphical analyses, the first investigating the effect of bed depth, filtration 
rate and direction of flow, (section 4.4.2) and the second the effect of sand 
grading (section 4.4.3). 
4.4.1 Statistical Analysis of Experimental Results using Multiple 
Linear Regression 
Multiple linear regression is a mathematical technique used to model the 
behaviour of a variable (dependent variabl.e) from the values of a number of 
related variables (independent variables). It is an extension of simple linear 
regression where a linear relationship is assumed between two variables. The 
'method of least squares' is used to determine a 'line of best fit' or the 'regression 
line' for the available data. The equation of the regression line is of the form: 
Y = Bo + B1 X+ e (4.1) 
where Y is the dependent variable, X is the independent variable, Bo is the 
intercept at X=O, Bt is the slope of the regression line, also known as the 
regression coefficient and e is an error term. In multiple linear regression a linear 
relationship is assumed between the dependent variable and all the independent 
variables. 
The equation for multiple linear regression is of the form: 
where Y is the dependent variable and X1,X2 ... Xk are the independent variables. 
Bo is a constant analogous to the intercept in simple linear regression. The 
coefficients Bt, B2 ... Bk are known as partial regression coefficients. It is 
however normal to work with standardised results producing coefficients p 
rather than B. This is because the relative difference in the distribution of each 
independent variable can obscure the effect each has on a model. Pis known as 
the standardised regression coefficient and is defined as: 
/3 = B Sx/Sy ( 4.3) 
where Sx and Sy are the standard deviations of the independent variable and the 
dependent variable respectively. 
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In this section the results of the upflow-downflow experiments, shown in 
appendix A4.1, are analysed. Multiple linear regression has been used to 
develop mathematical models which attempt to predict the turbidity removal 
from inlet turbidity, filtration rate, bed depth and sand grading. 
4.4.1.1 Regression model 
Two regression models were set up, one for upflow one for downflow. In both 
cases the dependent variable was turbidity removal percentage. The 
independent variables were bed depth, filtration rate, inlet turbidity, the 
direction of flow and sand grading. Bed depth and sand grading were defined as 
indicator (or dummy) variables and were coded as either 0 or 1. This means that 
in the regression analysis bed depth was entered as 0 for shallow bed (11.5cm) 
and 1 for deep bed (21cm). Similarly sand grading was entered as 0 for narrow 
sand grading (NC=1.44) and as 1 for wide sand grading (NC=2.00). The effect of 
defining bed depth and sand grading as indicator variables is that in the 
regression equations the partial regression coefficients for these variables indicate 
the extra effect or 'benefit' gained by using a 21cm bed or a wide sand grading. 
Table 4.2 . Variables in the regression models 
Model Dependent Variable· Independent Variables 
1:Upflow Upflow turbidity Inlet turbidity 
removal% Upflow filtration rate 
Bed depth (indicator) 
Sand grading (indicator) 
2: Downflow Downflow turbidity Inlet turbidity 
removal% Downflow filtration rate 
Bed depth (indicator) 
Sand grading (indicator) 
4.4.1.2 Results of multiple regression analysis 
The complete results of the regression analysis are given in appendix A 4.2. A 
summary of the main results is given in Table 4.3 which shows the values of 
partial regression coefficients, B, for all the independent variables. (Table 4.3 also 
shows the values of~' T and Sig T, which will be discussed later.) From these 
values the following regression equations can be deduced: 
• Upflow filter 
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Turbidity removal (%) = 28.97 + 0.06(inlet turbidity)- 2.94(filtration rate) + 8.58(bed 
depth)+ 6.41(sand grading) (4.4) 
• Downflow filter 
Turbidity removal(%)= 35.70 + 0.06(inlet turbidity)- 3.50(filtration rate)+ 8.02(bed 
depth)+ 17.31(sand grading) (4.5) 
Table 4.3 Multiple regression models 1 & 2: Effect of inlet turbidity, 
filtration rate, bed depth and sand grading on turbidity removal. 
Model1: Upflow Model 2: Downflow 
B 13 T SigT B 13 T SigT 
Inlet Turbidity 0.06 0.11 0.84 0.41 0.06 0.09 0.89 0.39 
Filtration Rate -2.94 -0.53 -3.61 0.00 -3.50 -0.50 -4.36 0.00 
Bed Depth 8.58 0.29 1.92 0.07 8.02 0.22 1.84 0.08 
Sand Grading 6.41 0.19 1.24 0.23 17.31 0.42 3.47 0.00 
Constant 28.97 3.50 0.00 35.70 4.41 0.00 
Adjusted R2 0.59 0.76 
4.4.1.3 Discussion of regression analysis results 
Overall quality of data 
Having obtained a model, it is important to examine the overall quality of the 
data in terms of its suitability for this analysis. Adjusted R2 is known as the 
multiple correlation coefficient. It is a measure of goodness of fit of the 
regression model. The higher the value the better the model fits the data. An 
adjusted R2 value of 1.0 means that 100% of the variation in the dependent 
variable is 'explained' by the model i.e. the data completely fits the model. 
Conversely an adjusted R2 value of 0.0 means that the none of the variation in the 
dependent variable is 'explained' by the model. It can be seen from table 4.3 that 
the adjusted R2 value for up flow model is 0.59 and that for downflow model is 
0.76. This value for upflow is fairly low, where the regression equation explains 
only about 60% of the variation in turbidity removal as compared to nearly 80% 
in the case of downflow. This means that the regression equation for downflow 
fits the data much better than the upflow equation. Overall these values suggest 
that there is quite a lot of scatter in the data. 
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Relative importance of each variable 
To look at the results more closely we now. focus on the values of the 
standardised regression coefficient, (3, and the t-test statistics for each variable, 
shown in table 4.3. The 'W values indicate the effect that each variable has on the 
overall regression model. The higher the magnitude of l3 for a particular variable 
the greater the effect of that variable on the dependent variable. The Hest 
statistics provide a means of determining the significance of l3 value for each 
· variable in the regression model. The t-test statistics test the null hypothesis that 
no linear relationship exists between that variable and the dependent variable. A 
value of significance (Sig T) of less than 0.05 associated with a particular t value 
would reject the null hypothesis and indicate a greater than 95% chance that the 
variable is linearly related to the dependent variable. The relative importance 
and significance of each variable in the equation is discussed below. 
Filtration rate 
From table 4.3 it can be seen that, for both upflow and downflow, the filtration 
rate has the largest l3 value of all the variables. Consequently it should have the 
most influence on the turbidity removal, the dependent variable. The negative l3 
value indicates that an increase in filtration rate leads to a reduction in turbidity 
removal. Table 4.3 also shows that filtration rate has a Sig T value of less than 
0.05. This means that there is a higher than 95% probability that the turbidity 
removal and filtration rate are linearly related. 
Bed depth 
Bed depth also has a relatively high l3 values, for both upflow and downflow, 
meaning is also very influential in determining the turbidity removal. Bed depth 
was entered as a indicator variable, therefore the l3 value indicates the effect on 
overall turbidity removal of increasing the bed depth from 11.5cm to 21cm. It 
can be seen that l3 is positive for both upflow and downflow, meaning that 
increasing the bed depth would lead to an increase in turbidity removal. 
However because Sig T values are greater than 0.05 (0.07 for upflow and 0.08 for 
downflow) the above results are not reliable. 
Inlet turbidity 
Inlet turbidity has the lowest l3 values of all the independent variables. This 
suggests that it has the lowest influence on the turbidity removal. However once 
again the Sig T values are much higher than 0.05 (0.41 for upflow and 0.39 for 
downflow). This makes the results for inlet turbidity unreliable because there is 
about 40% chance that there is no linear relationship between inlet turbidity and 
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turbidity removal. This violates one of the assumptions made in the model. The 
very low~ values could partly be due to the fact that the majority of the 
experiments were done using similar inlet turbidity values and the range of inlet 
turbidities was not large enough to have a significant effect on the model. 
Sand grading 
It can be seen from table 4.3 that for upflow sand grading has a~ value of 0.19 
which is low, meaning that sand grading has little effect on the turbidity 
removal. However the high Sig t value of 0.23 (> 0.05) makes this result 
unreliable. Downflow on the other hand has a high ~ value of 0.42 and an 
associated Sig t value of less than 0.005. This shows that for downflow sand 
grading is very important in predicting turbidity removal and that this result is 
statistically significant. Sand grading was entered as a indicator variable in the 
regression equation therefore the large positive 'W value for sand grading reflects 
the beneficial effect use of wide graded sand has on the turbidity removal as 
compared to using uniformly graded sand. Wide grading results in fine grains at 
the top of the bed, giving very effective filtration but at a cost of a high head loss. 
The significant fact in case of downflow filtration is the finest grain size which is 
encountered first. This is discussed further in section 4.4.3 
4.4.1.4 Concluding remarks 
The regression analysis above shows that filtration rate is the most important 
variable in predicting turbidity removal. Bed depth may also be important but 
the results are not reliable. Sand grading also effects turbidity removal but in 
case of upflow the results are not reliable therefore it was thought essential to 
carry out further experiments with deeper beds. Influent turbidity appears to 
have a very little effect of the turbidity removal, but again the results were not 
reliable. The likely cause of this is that the range of inlet turbidities investigated 
was not large enough to significantly effect the model. 
The reliability of the results and the significance of the estimates produced would 
be increased by increasing the data collected. Whilst the models produced 
should not be used to make precise predictions, the analysis is useful because its 
results are broadly in agreement with conclusions of the graphical analysis 
described later and also with the published literature. 
4.4.2 Effect of Bed Depth, Filtration Rate and the Direction of Flow 
on Turbidity Removal 
In order to study the effect of variables bed depth, filtration rate, and direction of 
flow on the turbidity removal a graphical approach was adopted. It is difficult to 
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plot more than three variables on an x-y graph. Therefore it was necessary to 
reduce the number of variables from four to three. Influent turbidity was 
'eliminated' and its effect 'incorporated' in the analysis using the following 
procedure. 
Table 4.1 shows a summary of the upflow-downflow experiments that were 
carried out. From this, four sets of experiments, performed under similar 
conditions, were identified. These are shown in table 4.4. 
Table 4.4 Upflow-downflow experiments: Sets of 
experiments done under similar conditions. 
Set Test numbers 
A 3,9,9a,10 
B 4,5,6,7,8 
c 11,12 
D 13,14,15,16,17 
Conditions 
Filtration rate= 9 m/h 
Bed Depth = 11.5 cm 
Filtration rate =3 m/h 
Bed Depth = 11.5 cm 
Filtration rate= 9 m/h 
Bed Depth= 21.0 cm 
Filtration rate= 3 m/h 
Bed Depth= 21.0 cm 
Each set of experiments was carried out under similar filtration rate and bed 
depth conditions, but the influent turbidity was different in each case. It was 
'incorporated' in the calculations using the following graphical procedure. 
• Turbidity removal was plotted against inlet turbidity for each set of 
experiments (fig. 4.2a & 4.2b). 
• Best fit lines, by eye, were drawn for sets B & D. The range of inlet 
turbidities for experiment sets A & C was not large enough to justify a 
best fit line and average inlet turbidity values were taken for these sets. 
• Turbidity removal values at 90 NTU, for each set, were taken from 
these graphs. (A value of 90 NTU was chosen because it was in the 
mid range of the inlet turbidities used and also it was covered by each 
of the experiment sets). 
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o Finally turbidity removal values at 90 NTU thus obtained were plotted 
against bed depth (fig. 4.3). 
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Fig. 4.3: Effect of bed depth, filtration rate and flow direction on the turbidity removal at influent turbidity 
of 90 NTU. It can be seen that in all cases downflow has a higher turbidity removal as compared to upflow. 
Fig. 4.3 shows that: 
o Downflow gives a better turbidity removal than upflow. 
o Turbidity removal improves with bed depth, but even with 21cm bed 
the turbidity removal is below 40%. This suggests that bed depth in 
the order of lm or more will be required to achieve an acceptable level 
of removal. 
o Filtration rate has a very considerable effect on turbidity removal, with 
3m/h rate giving a much better removal than 9m/h. This is significant 
in that a higher rate will mean smaller filter area for the same output, 
and hence cheaper capital cost, but will result in poor performance. 
It is important to state that there is a lot of scatter in the results shown in fig. 4.2a 
& 4.2b. This is partly due to the fact that not enough experiments were carried 
out. The above observations are, therefore, only pointers to further work and 
should not be used to draw precise conclusions. 
4.4.3 Effects of sand grading 
In chapter 1 it has been said that one of the perceived advantages of upflow 
filtration over downflow filtration is that it is more suitable for wide graded 
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sand. This is because the majority of rapid filters are back washed by fluidizing 
the sand bed. Fluidization makes the sand bed become stratified in such a way 
that the fine sand grains come to the top and the coarse ones stay at the bottom. 
The wider the range of grain sizes in the bed, the more pronounced this effect is. 
In the case of upflow, during filtration, the coarsest sand is encountered first and 
then the bed becomes progressively finer. This allows the solids to be deposited 
deep in the sand bed. This means that most of the sand bed is being used in 
removing solids. In the case of downflow !he opposite is true. The finest sand, 
being at the top, is encountered first and most of the solids are removed in this 
section of the bed, while most of the bed remains unused. This effect has been 
confirmed by the experiments carried out. Plates 4.2a and 4.2b below show the 
results of an upflow-downflow experiment carried out using a wide sand 
grading. It can be seen clearly that the solids, shown by a darker zone in the 
sand, have penetrated far deeper in the upflow filter as compared with the 
downflow filter. 
In the case of up flow, because more of the bed is being used to remove the solids, 
the head loss is spread over a greater depth. It is consequently lower as 
compared to downflow, where only a short depth of the sand is being used to 
remove the solids. Experimental results show that, while the head loss develops 
at about the same rate for both up flow and down flow in the case of narrow sand 
grading (fig. 4.4a), the rate of head loss build-up is much higher for the 
downflow filter than is the case for the upflow filter when the sand grading is 
wide (fig. 4.4b). However, as mentioned in section 4.4.2, in all cases the turbidity 
removal for downflow is better than for upflow (fig. 4.3). 
Head loss is the 'cost' of the filtration process, while turbidity removal is the 
'benefit' gained from it. Downflow removes more turbidity, while upflow 
develops a lower head loss. A 'benefit-cost' type of analysis would be 
appropriate in order to make a true comparison between upflow and downflow 
filtration. A 'benefit-cost' ratio would then indicate how much turbidity is 
removed by each process at a particular head loss. In section 4.4.3.1 below, two 
methods of carrying out 'benefit-cost' analyses have been described. The first is 
the 'cumulative' method. This takes into consideration all the experimental 
results up to a particular point in time in the experiment, and gives an overall 
'picture' of the experiment up to that point. The second is called the 'snapshot' 
method and, as the name suggests, this gives an indication of filter performance 
at that instant in time. 
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4.4.3.1 Methodology for comparison of filter performance in terms of turbidity 
removal and head loss increase. 
Cumulative Method 
This method is based on the fact that the aim of the filter is to remove solids. The 
total mass of solids removed by a filter is given by the area under the curve of 
'change in suspended solids concentration' versus 'filtrate volume'. For a given 
suspension, turbidity is directly proportional to suspended solids concentration 
(Rajagopal and Bhargava (1990)). Therefore, determining the area under the 
curve of turbidity removal versus filtrate volume gives an indication of the mass 
removed by the filter. 
In this thesis the product of turbidity removal (~T) and filtrate volume (~V) is 
refered to as 'Quasi Mass Removal' or QMR in brief. Comparing the QMR values 
for a particular head loss will give an indication of how much mass is removed 
for a given head loss, thereby providing the 'benefit-cost' ratio. This is shown in 
fig.4.5 below: 
~T 
Filtrate volume 
Filtrate volume 
.6.T =turbidity removed 
= T(inlct) -T(outlet) 
Fig. 4.5: Cumulative Method: The benefit-cost ratio is the ratio of QMR (the shaded area) and the 
normalised head loss, t!.H/&lo 
The 'benefit-cost' ratio was calculated using the following procedure. 
• For a particular value of head loss, ~H, the ratio ~H/ ~Ho was 
calculated, where LlHo is the initial head loss. This ratio is known as 
the normalised head loss. 
• At that normalised head loss, the area under the turbidity removal 
versus filtrate volume curve was calculated. This is the QMR. 
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• QMR was calculated for both upflow and down flow at the same value 
of normalised head loss. 
• The 'benefit-cost' ratio was then calculated by dividing the QMR value 
by the normalised head loss. 
Analysis of experimental results using the Cumulative Method. 
Cost benefit analysis using the cumulative method was carried out on the results 
of two upflow-downflow experiments. These were run no. 13, where narrow 
sand grading was used, and run no. 20, where wide sand grading was used. Figs 
4.4a and 4.4b show the areas which represent the QMR. The results of the 
analysis are shown in table 4.5a and 4.5b. Table 4.5a shows that 
1 In all cases the upflow has a higher QMR value than downflow. This 
shows that for a particular value of normalised head loss upflow 
removes more solids than downflow. 
2 More significant perhaps is the comparison of QMR for runs 13 and 20 
at the L'lH/ L'lHo of 1.06. In the case run 13, the QMR values for upflow 
and downflow are very similar. This contrasts with the fact that in 
case of run 20 the QMRis much bigger for upflow as compared to 
downflow. This means that, in case of a narrow sand grading, both 
upflow and downflow remove about the same amount of solids for a 
particular head loss. If, however, the sand grading is wide, the up flow 
filter removes much more solids, for a given normalised head loss, as 
compared to downflow. 
Table 4.5a: Comparison of upflow and downflow in terms of Quasi Mass 
Removal and Normalised Head Loss 
Normalised QMR 
Head Loss x 1o-3 NTU.m3 
Run No. L'lH/L'lHo Upflow Downflow Remarks 
13 1.06 320 305 Narrow sand 
grading NC= 1.44 
20 1.06 169 79 Wide sand 
1.20 642 274 grading NC=2.00 
'Benefit-cost' ratios were calculated by dividing QMR values (the 'benefit') by the 
normalised head loss, L'lH/ L'lHo (the 'cost'). These are shown in table 4.5b below. 
In order to make the comparison between the tests easier every 'benefit-cost' ratio 
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was normalised by dividing it by the 'benefit-cost' ratio for run no. 13, up flow. 
These new ratios are refered to as "normalised 'benefit-cost' ratios". They are 
shown in { ) in table 4.5b below. A sample calculation to explain the procedure 
follows. 
Sample calculation: 
QMR values taken from table 4.5a for run no 13 at ~H/ ~Ho = 1.06 
Up flow Down flow 
QMR 320 305 
(x Io-3 NTU.m3) 
'Benefit-Cost' Ratio 320 = 302 305 = 288 
(x lQ-3 NTU.m3) 1.06 1.06 
Normalised 'Benefit-Cost' 302 = 1.00 288 = 0.95 
Ratio 302 302 
The 'benefit-cost' ratios and the normalised 'benefit-cost' ratios, shown below, 
both give the same message. They reinforce what has been said earlier and 
confirm that upflow has a higher 'benefit-cost' ratio as compared to downflow 
and that this advantage is maximised when a wide sand grading is being used. 
The advantage of normalised ratios over the actual ratios is that they provide a 
comparison relative to one test (run no. 13). This makes it easier to compare 
between the tests. They also provide a means of comparison between two 
methods of analysis i.e. the cumulative method and the snapshot method. This 
has been done later on in this section. 
Table 4.5b: Comparison of up flow and downflow in terms of 'Benefit-Cost' 
Ratio and Normalised Head Loss 
Normalised 'Benefit-Cost' Ratio 
Head Loss x 1o-3 NTU.m3 
Run No. ~H/~Ho Up _flow Downflow Remarks 
13 1.06 302 288 Narrow sand 
(1.00}. (0.95} grading NC=1.44 
20 1.06 159 75 Wide sand 
(0.53} (0.25} grading NC=2.00 
1.20 535 288 
(1.77} (0.76} 
' ' • Values m ( ) are normalised benefit-cost ratios 
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This 'benefit-cost' analysis confirms the perceived advantage of upflow filtration 
-that is that it is preferable as compared to downflow if wider sand grading is to 
be used. This is because for the same head loss upflow removes more solids as 
compared to downflow. 
Snapshot Method 
An alternative approach to the cumulative method is to take a 'snapshot' view of 
the experiment and look at the 'benefit-cost' ratio at that instant in time. This 
would provide a comparison of filtration performance. In this case, the removal 
efficiency can be compared with the rate of increase in head loss with filtrate 
volume to provide the 'benefit-cost' ratio. Removal efficiency is defined as the 
ratio of turbidity removed to the inlet turbidity (L'l.T /Tin). The rate of increase in 
head loss with volume is the slope of the head loss versus volume curve, 
(d(L'l.H)/dV). A 'benefit-cost' ratio can thus be obtained by calculating the ratio 
(L'l.T /Tin )/(d(L'l.H) I dV) at a particular instant in time. This would then indicate 
how the filter is performing in terms of turbidity removal and head loss build-up. 
Even though the snapspot method applies to a particular instant in time, under 
certain circumstances the results can be a good approximation of the whole 
experiment. If the inlet turbidity and filtration rate are approximately constant, 
experimental results show that in most cases the removal efficiency is also 
approximately constant and the head loss increases linearly over most of the 
experiment. In these circumstances the results can be a good approximation of 
the whole experiment (see fig. 4.6 below). This is explained as follows: 
t.T 
Tin 
t.H 
t.HO 
Volume 
Volume 
Removal efficiency 
OT /Tin is constJnt over 
most of the test 
=constant 
Fig. 4.6: Snapshot Method: The benefit-cost ratio is the ratio of LlT/Tin and d(LlH)/dV the slope of head loss 
versus volume curve 
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If removal efficiency is constant: 
L1T/Tin =Constant= K1 (4.1) 
and if head loss increases linearly with time: 
d (Ml)/dt =Constant= K2 (4.2) 
If the flow rate is constant 
Filtrate volume= K3 x time (4.3) 
where K3 is a constant. 
Therefore from 4.2 and 4.3 it follows that 
d (L1H)/dV = (1/KJ) X d (L1H)/dt 
This means that 
d (L1H)/dV= Constant= K2/K3 (4.4) 
and finally from 4.1 & 4.4 the 'benefit-cost' ratio: 
L1T/Tin /d (t1H)/dV =Constant= K1K3/K2 
So uniform removal, constant flow rate and linear head loss increase lead to a 
constant 'benefit-cost' ratio. 
Analysis of experimental results using the Snapshot Method. 
'Benefit-cost' analysis was again carried out on the results of run no. 13 (narrow 
sand grading) and run no. 20 (wide sand grading), this time using the snapshot 
method. The cumulative method was carried out at llH/ llHO values of 1.06 and 
1.20. In order to compare the results of the snapshot method with those from the 
cumulative method, the 'snapshots' were also taken at these same values. This is 
shown in figs 4.4a and 4.4b. The results of the analysis are shown in tables 4.6a 
and 4.6b below. Table 4.6a shows the removal efficiency llT /Tin (the benefit) 
and the rate of increase in head loss with volume d(llH)/dV (the cost) values. 
These values were used to calculate the 'benefit-cost' ratios (llT /Tin /d(llH)/dV) 
which are shown in table 4.6b. Once more to keep consistency with the 
cumulative method and to make the comparison of results between the two 
methods easier, the 'benefit-cost' ratios were 'normalised' for run 13- upflow, 
using a similar procedure as has been described earlier for the cumulative 
method. These normalised 'benefit-cost' ratios are also shown in table 4.6b 
below. 
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Table 4.6a: Comparison of up flow and downflow in terms of Removal 
Efficiency and Rate of Head Loss Increase with Volume1 
Normalised Upflow Downflow 
Head Loss 
Run No. L\H/L\Ho L\T dMI L\T dMI Remarks 
- -- - --
Ti. dV Tin dV 
13 1.06 0.19 7.65 0.23 24 Narrow sand 
grading 
20 1.06 0.42 125.79 0.5 329.67 Wide sand 
1.20 0.46 173.34 0.58 288.32 grading 
Table 4.6b: Comparison of up flow and downflow in terms of 'Benefit-Cost' 
Ratio and Normalised Head Loss 
Normalised 'Benefit-Cost' Ratio 
Head Loss x 10-1m2 
Run No. t.H/ t.Ho Up flow Downflow Remarks 
13 1.06 24.8 9.58 Narrow sand 
{1.00} • {0.39} grading NC=1.44 
20 1.06 3.34 1.52 Wide sand 
{0.13} {0.06} grading NC=2.00 
1.20 2.65 2.01 
{0.11} {0.08} 
• Values in { } are normalised 'benefit-cost' ratios 
Examining the results in table 4.6b it can be seen that the 'benefit-cost' ratios are 
higher for upflow as compared to downflow. This means that for a particular 
head loss upflow retains more solids as compared to downflow. This is the same 
overall message as from the cumulative method. There are, however, some 
apparent anomalies in the results from the two methods. It can be seen from 
table 4.6b (snapshot method) that for run no. 13 downflow has a normalised 'benefit-
cost' ratio of 0.39 as compared to 1.00 for upflow. This says that using a narrow 
graded sand bed, for a particular head loss, downflow is only 40% as good as 
upflow in retaining solids. This contrasts sharply with the results obtained using 
the cumulative method, which indicate that when a narrow graded sand bed is 
used there is very little difference between the effectiveness of upflow and 
1 Table 4.6a shows that d(6H)/dV values for run 20 arc much grater than run 13. This is because the 
sand used for run 20 is finer than for run 13 resulting in a higher head loss for run 20 (see fig 4.4a & 4.4b) 
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downflow in terms of solids retention for a given head loss. From table 4.5b 
(cumulative method) it can be seen that for the same test (run no. 13) downflow has a 
normalised 'benefit-cost' ratio of 0.95 as compared to 1.00 for upflow or in other 
words downflow is 95% as effective as upflow. The reasons for this apparent 
inconsistency between the two methods are discussed in the following section. 
Comparison of Cumulative and Snapshot Methods 
In order to compare the cumulative and the snapshot methods, the final results 
of the two methods, i.e. the normalised 'benefit-cost' ratios, have been compared. 
These have been taken from table 4.5b and 4.6b and are shown together in table 
4.7 below for ease of comparison. Table 4.7 also shows the downflow normalised 
'benefit-cost' ratios as a percentage of up flow. These values give a direct 
indication of the effectiveness of downflow relative to upflow. All values for the 
snapshot method are shown in bold text to make them distinct from the values 
for the cumulative method. 
Table 4.7: Comparison of Cumulative Method and Snapshot Method in terms 
of Normalised 'Benefit-Cost' ratios 
Normalised 'Benefit-Cost' Downflow as 
Ratios %ofUpflow 
Run No. Up flow Downflow % 
13 1.00 0.95 95 
1.00* 0.39 39 
20 0.53 0.25 47 
0.13 0.06 46 
1.77 0.76 43 
0.11 0.08 72 
• Values in bold are normalised 'benefit-cost' ratios and percentages for Snapshot Method 
Comparing the values shown in table 4.7 it can be seen that there is a general 
agreement between the results from two methods. In each case both methods 
give a higher 'benefit-cost' ratio for up flow as compared to downflow. This 
strengthens the point made earlier that both methods give the same overall 
message. This is that for a particular head loss (i.e. cost) up flow is more effective 
at removing solids (i.e. has a higher benefit) as compared to downflow. 
Examining the values in detail, however, shows up two areas of apparent 
disagreement. These are: 
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1) For run no. 13, the cumulative method gives a normalised 'benefit-
cost' ratio for downflow as 95% of the upflow value. This compares to 
downflow being 39% of upflow for the snapshot method. 
2) For the first set of values of run 20 (corresponding to ~HI ~Ho = 
1.06), both the cumulative and the snapshot methods make downflow 
as about 45% of upflow. For the second set of values of run 20 
(corresponding to ~H/ ~Ho = 1.20), it can be seen that, while the 
cumulative value has remained about the same (43%), the snapshot 
value has gone up to 72%. 
The reasons for these apparent anomalies can be determined by investigating 
figures 4.4a and 4.4b. 
1) It can be seen from fig. 4.4a (run 13) that for most of the test the head loss 
curves for up flow and downflow are the same. It is only in the later stages of the 
test that upflow has a lower head loss as compared to downflow. In the 
cumulative method, the 'cost' is represented by ~H/ ~Ho. This means that with 
the cumulative method 'cost' for most of the test is the same for both upflow and 
downflow. The 'benefit' according to the cumulative method is the QMR, which 
is related to the amount of turbidity removed. Downflow has a higher turbidity 
removal as compared to upflow. Therefore for most of run 13, downflow has a 
higher 'benefit' and consequently a higher 'benefit-cost' ratio as compared to 
upflow. In the later stages of the test, upflow has a lower ~H/ ~Ho (i.e. cost) as 
compared to downflow. As a result the 'benefit-cost' ratio for upflow increases. 
In addition, because of lower head loss increase, upflow has a longer run as 
compared to downflow before ~H/ ~Ho reaches the value of 1.06, the point at 
which the comparison between upflow and downflow is made. This means that 
upflow has more time to remove solids as compared to downflow. The net result 
of all this is that overall upflow has only a slightly better 'benefit-cost' ratio as 
compared to downflow. 
For the snapshot method the 'cost' is determined by the slope of the head loss 
versus volume curve, d(~H)/dV, and the 'benefit' is the removal efficiency, 
~T /Tin. It can be seen from fig. 4.4a that at ~H/ ~Ho values of 1.06 there is a 
considerable difference between the slopes. The slope of upflow is 
approximately 1:7 as compared to approximately 1:2 for downflow. As for the 
'benefit', although downflow has a higher removal efficiency as compared to 
upflow, the difference between the two is small- 23% for downflow as compared 
to 19% for upflow. The net effect of this is that, in contrast to cumulative method, 
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the snapshot 'benefit-cost' ratio for upflow is much higher as compared to 
downflow. 
The above discussion shows a possible advantage of the cumulative method over 
the snapshot method. This is that it gives an overall picture and is less 
susceptible to any local variations as compared to the snapshot method. The 
snapshot method on the other hand gives an instantaneous view of the 
experiment and has the advantage of being unaffected by its past history. This 
has its uses as is discussed below. 
2) Table 4.7 shows two sets of values for run 20. The first set corresponds to 
a point when ~H/ ~Ho =1.06, while the second set represents a point near the end 
of the run when ~H/ ~Ho =1.20. Cumulative values can be considered as the 
sum of all snapshots, in other words an overall picture. It can be seen that the 
overall picture shows downflow as approx. 45% of up flow (47% near the 
beginning, 43% near the end). This contrasts with the snapshot values which 
show downflow as being 46% of up flow at the first snapshot and 72% at the 
second. This suggests that the difference between the up flow and downflow is 
getting less and that upflow is losing its advantage over downflow. This could 
mean that perhaps the filter needs washing. Therefore the snapshot method may 
provide a means of determining how often a filter needs to be washed. 
Concluding remarks 
To summarise the above discussion the following comments can be made: 
• The purpose of this technique is to compare up flow and downflow 
filtration. Both the cumulative and the snapshot methods give the 
same message. This is that upflow has a higher 'benefit-cost' ratio as 
compared to downflow. Each method has its advantages. 
• The advantages of the cumulative method are: 
1) It gives an overall picture of the performance of the filter. 
2) It is less sensitive to temporary variations during the experiment 
as compared to the snapshot method. 
• The advantages of the snapshot method are: 
1) Its speed of calculation. 
2) It is not dependent on the· past history of the experiment. This 
means that it discounts any unsteady conditions at the start of 
the run. 
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· 3) It provides information on the efficiency of the filter at a 
particular instant in. time.· By comparing this with the 
information on overall efficiency from the cumulative method, 
design guidelines on the filter washing interval might be drawn. 
o Finally it should be stressed that the above should be used as a 
conceptual design tool rather than an operational aid. 
4.5 Conclusions 
o Overall, downflow filtration has a higher turbidity removal as 
compared to upflow filtration. 
o Upflow has a better 'benefit-cost' ratio as compared to downflow. This 
means that for a particular head loss upflow removes more solids as 
compared to downflow. This effect is more pronounced if a wider 
sand grading is used. 
o Multiple regression analysis shows the relative effect each variable has 
on the overall turbidity removal. It shows that turbidity removal is 
most affected by the variation in filtration rate, followed by bed depth. 
Sand grading and influent turbidity also affect the turbidity removal 
but this effect is shown to be not significant. However this may be due 
to the fact that there was not enough variation in both these variables 
to affect the regression model. 
o The importance of bed depth and filtration rate on overall turbidity 
removal is also indicated by the graphical analysis in section 4.4.2. By 
extrapolating the results in fig. 4.3 it can be seen that a bed depth of the 
order of 1m would be required to produce an acceptable level of 
turbidity removal. This points to further experiments using deeper 
beds. 
Finally it must be stressed that the results presented in this chapter are from 
preliminary experiments. There is a lot of ?Catter in the data and not enough 
experiments were carried out for the results to be conclusive. Therefore, 
although they provide useful pointers to further work, the results should not be 
used to make precise predictions. 
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Chapter 5 
PRELIMINARY EXPERIMENTS (PART 2): UPFLOW FILTRATION-
MATURATION EXPERIMENTS 
5.1 Introduction 
The advantages of upflow filtration, when a wide sand grading is used, have 
been discussed in chapter 4. It has also been mentioned in chapter 1 that another 
advantage of upflow filtration is its simplicity of design if unfiltered (or raw) 
water is used for backwashing. However the following questions arise: 
o How does the filter performance differ when raw water is used for 
backwashing as compared to when clean water is used? 
o What is the long term effect of washing with raw water? 
Do the filters need more frequent washing if they are washed 
with raw water as compared to when they are washed with 
clean water? 
Is there any maturation of the filters and, if so, is it affected by 
the quality of the wash water? Maturation can be defined as an 
improvement in filter performance, in terms of turbidity 
removal, over time. 
To answer some of these questions long term tests were carried out to determine 
the effect on filter performance of the quality of the wash water. In this thesis 
these tests have been referred to as 'maturation runs'. Tests were carried out on 
two upflow filters run in parallel. One filter was washed with clean (chlorinated 
tap)! water, while the other was washed with raw water. Most raw waters have 
a high bacteria content. Therefore in some of the tests settled sewage was added 
to the raw water to increase its bacterial content2. This could give an indication 
of whether bacteria in raw water had any effect on the filter performance. 
!The tap water was tested for residual chlorine and was often found to have almost no residual chlorine. 
For clean water backwash additional chlorine (in the form of hypochlorite) was added to the backwash 
water. 
2Jn these tests sodium thio-sulphate was first added to the raw water. This was done in order to 
neutralise the effect of any chlorine introduced by the tap water. Any chlorine in the water could reduce 
the bacterial content of the raw water. 
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5.2 Apparatus 
The apparatus used in these experiments was mostly the same as used in the 
upflow-downflow experiments with only a few modifications. These were: 
• In these experiments both filters were run in the up flow direction. 
• The tests were long term experiments to be carried out over several 
days. Therefore the filters had to be left to run overnight. The stock 
suspension tank used for upflow-downflow experiments was not large 
enough to allow for overnight running of the filters. This was replaced 
with two 180 I drums connected together. 
5.3 Method 
The experimental method for these experiments was the same as for upflow-
downflow experiments, described in section 4.3. 
5.4 Results and discussion 
A summary of the experiments carried out is shown in table 5.1. It shows that 
the duration of the filtration runs varied between 5 and 10 days. In this section 
the results of the longest maturation run, MR2, have been presented and 
discussed in full (figures 5.1a to 5.1g). These are followed by a discussion of the 
results of runs MR3 and MR1 for which tests only the final results, most relevant 
to the discussion, are presented. 
Table 5.1: Summary of maturation tests 
Test No. Duration Sand Settled sewage Maturation 
days (hours) grading added observed 
MR1 5 (120) c No Yes 
MR2 10 (242) c Yes Yes 
MR3 9 (218) c Yes Yes 
Results of test MR2 (figs 5.1a- 5.1g) 
Turbidity vs. elapsed time 
Fig. 5.1a shows the graph of turbidity versus time. It can be seen that: 
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Figs. 5.1a (lop), 5.1b (middle) & 5.1c (bottom): Comparison of clean water backwash with raw water 
backwash. Fig. 5.1a shows the influent and effluent turbiditics, fig. 5.1 b shows removal efficiency and fig. 
5.1c shows the difference in removal efficiencics.lt can be seen from fig. 5.1c that while at the start of the 
test clean water backwash has a higher removal efficiency than raw water backwash , raw water backwash 
gels progressively better and near the end of the test has a higher removal efficiency than clean water 
backwash. 
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• The influent and effluent turbidities follow the same overall pattern. 
The peaks on the influent turbidity graph correspond to the time filters 
were backwashed. It can be seen that there is a gradual increase in 
influent turbidity up to the point of backwash. This is because, despite 
the suspension being stirred constantly, there was a gradual settlement 
of suspended solids in the suspension. This led to a increase in 
influent turbidity as the tanks emptied. The tanks were refilled at the 
same time as the filters were backwashed and their turbidity adjusted 
to around 80 NTU. 
• There is very little difference in the effluent turbidity from the filter 
backwashed with clean water and that back washed with raw water. 
• No maturation effect is apparent in either filter. This is because the 
influent and effluent turbidities follow the same overall pattern and it 
is not clear from the graph in fig 5.1a if there is an improvement in 
turbidity removal with time (maturation) for either filter. 
Removal efficiency 
Removal efficiency, TJ, can be defined as: 
17 = r.- r. x 100 (5.1) T; 
where Ti =influent turbidity and T0 =effluent turbidity. 
Fig. 5.1b shows the removal efficiencies for clean water backwash and raw water 
backwash process. It can be seen that: 
• In general both processes exhibit a similar removal efficiency of 
between 20 and 30 %. 
• The clean water backwash appears to have a slightly better removal 
efficiency in the early stages of the test as compared to raw water 
backwash, however the difference between the two decreases as the 
test progresses. This suggests a possible improvement in performance 
or 'maturation' of the filter using raw water backwash. However the 
difference between the two filters is very small and is not very clear 
from this graph. This difference is investigated further below. 
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Difference in removal efficiency between clean water backwash and raw water 
backwash 
Because of the small difference in the removal efficiencies of the filter using clean 
water backwash and of the filter using raw water backwash, the difference 
between the two, TJc- Tlr, has been plotted in fig. 5.1c. Fig. 5.1 c shows a 
horizontal line at Tlc- Tlr =0. The values on this line represent no difference 
between clean water backwash and raw water backwash. Any values above the 
line indicate a higher removal efficiency for clean water backwash as compared 
to raw water backwash and vice-versa for values below the line. It can be seen 
from fig. 5.1c that: 
• The trend detected in fig. 5.1b shows up clearly here. It can be seen 
that in the initial stages of the test, the filter using clean water 
backwash has about 2% higher removal efficiency as compared to filter 
using raw water backwash. However as the test progresses, the 
removal efficiency of filter using raw water backwash improves and 
towards the end of the test is about 1% higher as compared to the filter 
using clean water backwash. This suggests possible maturation of the 
filter using raw water backwash. The clear and important message 
however is that it is acceptable to wash with raw water. 
• Fig. 5.1c also show a line of best fit, using simple linear regression, 
fitted to the data. The equation of the regression line is also shown. It 
can be seen that the regression line has a negative slope. This confirms 
what has been said earlier that the removal efficiency of filter using 
raw water backwash improves with time. However the R2 value for 
the regression line is only 0.323, which is low. R2 is a measure of 
goodness of fit of the regression line and a low value suggests a lot of 
scatter in the data. Therefore little confidence can be placed in the 
actual regression equation. The significant fact again is that raw water 
backwash appears to be no worse than clean water backwash. 
Cumulative difference in removal efficiency 
Fig 5.1d shows another method of detecting signs of maturation taking place. 
The cumulative difference in removal efficiencies, (i.e. a summation of the values 
in fig 5.1c) have been plotted against time. A best-fit curve has been drawn 
through the points. A positive slope of this curve would indicate that the filter 
using clean water backwash has a higher removal efficiency as compared to the 
filter using raw water backwash. Similarly a negative slope wouid indicate that 
the filter using raw water has a higher removal efficiency, and a zero slope 
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would indicate that there is no difference between the two. Also an increase in 
slope would indicate that the filter washed with clean water is getting better and 
vice versa. 
y = 4.4453 + 7.7953x- 0.96025xA2 + 4.2242e-2xA3 RA2 = 0.940 
30 
20 
0~.~~~--r---~--~--~---r--~--~--~---, 
0 2 4 6 8 10 
Elapsed time (days) 
Fig 5.1d: Maturation run MR2: Cumulative difference in removal efficiencies between clean and raw water 
backwashes. The steep positive slope in the beginning of the run indicates that clean water backwash 
produces a higher removal efficiency, whereas a relatively flat slope towards the end of the test shows that 
the difference between the two is getting less. This indicates a possible improvement or maturation with 
raw water backwash. 
It can be seen from fig. S.ld that: 
• In the beginning of the test the curve has a relatively steep positive 
gradient, indicating that the filter using clean water backwash has a 
higher removal efficiency as compared to the filter using raw water 
backwash. 
• As the test progresses however, the slope of the curve gets flatter and 
near the end of the test the slope is almost zero, with even a slight hint 
of down slope on the data points. This indicates that as the test 
progresses the filter using raw water backwash gets better indicating a 
possible maturation of the filter. 
• Also shown in fig S.ld is the equation of the regression curve. It shows 
that R2=0.94, which is very high, indicating that the equation fits the 
data very well. 
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The above discussion suggests a possible maturation of the filter using raw water 
backwash relative to the filter using clean ':"ater backwash. This means that the 
while the turbidity removal performance of the filter using clean water backwash 
may be improving with time (although there is no clear evidence of this 
happening from the data in fig S.la and S.lb) the relative performance of the 
filter using raw water backwash is better. In addition as one of the main 
difference between the two filters is the presence of chlorine in the wash water, it 
is possible that presence of chlorine is hindering the maturation process. These 
are very significant findings and are investigated further below. 
Further investigation of the maturation effect 
Fig S.lc above shows perhaps the clearest evidence of maturation taking place. 
This data has, therefore, been further examined in figs S.le -S.lg below. It can be 
seen from fig S.lc that the first two points are very different from the rest of the 
· points on the graph. This could be due to the unsteady conditions at the start of 
the filter run, which are not representative of the rest of the test. These values 
have a non-representative effect on the regression equations and have therefore 
been ignored in figs S.le- S.lg below. 
• Fig S.le show the same experimental results as in fig S.lc, the 
difference being that the suspect points have been ignored. The 
removal of the suspect data points has made very little difference to 
the shape of the graph which is very similar to the graph shown in fig 
S.lc. The regression line still has a negative slope showing that the 
removal efficiency of the filter using raw water backwash improves 
with time. The R2 value, however, has increased to 0.42 as compared 
with 0.32 in fig S.lc. This shows that the removal of suspect data 
points has improved the fit of the regression line. 
The above discussion confirms the earlier observations regarding the maturation 
with raw water backwash. In order to determine whether the rate of maturation 
increases or decreases as the test progresses, the data in fig S.le has been split in 
two and plotted separately. Fig 5.1f shows the data of first half of the test, and fig 
S.lg shows the second half of test. It can be seen that: 
• The slopes of regression lines in both half-plots are negative. This is 
consistent with earlier comments showing that filter using raw water 
backwash improves in turbidity removal efficiency with time. 
• The slope of the regression line in fig S.lg (second half) is less than the 
slope in fig 5.1f (first half). This shows that the improvement in the 
removal efficiency of raw water backwash has slowed down in the 
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Figs. 5.1e (top), 5.1f (middle) & 5.1g (bottom): Comparison of difference in removal efficiencies between 
clean water backwash with raw water backwash. Fig. 5.1e shows the data for the whole test, fig. 5.1f shows 
the data for the first half of the test and fig. 5.1g shows the data for the second half. It can be seen from the 
regression equations that the slope of the regression line in the second half of the test is less than that in the 
first half. This shows that the 'maturation' process has slowed down. 
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second half of the test as compared to the first half. In other words the 
rate of maturation has slowed down. However, the R2 value is very 
low for both regression lines, showing that there is a lot of scatter in 
the data. In addition the slopes of the regression lines for the two half-
plots are very similar. It is therefore possible that the difference in 
slopes in the two half-plots is due to experimental error, rather than 
any change in the rate of maturation. 
Comments on the results of other maturation tests 
The maturation effect observed in the maturation run MR2 above can also be 
detected in other maturation tests carried out. The results of maturation runs 
MR3 and MR1 are presented below. The results of these tests are similar to those 
of MR2 above in that there is very little difference in the removal efficiency 
between clean water backwash and raw water backwash. Only the graphs 
showing the difference in removal efficiencies and the cumulative difference in 
removal efficiencies between clean water backwash and raw water backwash 
have been shown, as only these show the maturation effect clearly. 
Results of test MR3 (figs 5.2a & 5.2b) 
Maturation run MR3 was carried out under very similar conditions to that of run 
MR2 described above. Settled sewage was again added to the raw water to 
increase its bacterial content. Results for MR3 were very similar to those of run 
MR2. 
Fig 5.2a shows the graph of the difference in removal efficiency between clean 
water backwash and raw water backwash. It shows that the regression line has a 
negative slope indicating that the removal efficiency of the raw water backwash 
filter improves as the test progresses. This result is consistent with observations 
from run MR2 (see fig 5.1c above) and indicates maturation of filter using raw 
water backwash. 
Fig 5.2a also shows that the regression line crosses the horizontal zero difference 
line, (Tic -llr =0), at approximately t = 6 days. This indicates that after about six 
days the filter using raw water backwash actually has a higher removal efficiency 
than the filter using clean water backwash. This can also be seen in fig 5.2b 
which shows the graph of cumulative difference in removal efficiency between 
clean water and raw water backwash. This shows a peak at about six days 
indicating that after six days the filter using raw water backwash has a higher 
removal efficiency as compared to filter using clean water backwash. This again 
indicates maturation of filter using raw water backwash. 
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Figs. 5.2a (lop) & 5.2b (bottom): Maturation run MRJ: Comparison of clean water backwash with raw 
water backwash. Fig. 5.2a shows the difference in removal efficiencies.It can be seen from fig. 5.2a that 
while at the start of the lest clean water backwash has a higher removal efficiency than raw water backwash 
raw water backwash gets progressively better and near the end of the lest has a higher removal efficiency 
than clean water backwash. Fig 5.2b shows the cumulative difference in removal effidencies between clean 
and raw water backwashes. Steep positive slope in the beginning of the run indicates that clean water 
backwash has a higher removal efficiency, the peak of the curve indicates a point in time where clean water 
and raw water have the same removal efficiency whereas the negative slope after the peak indicates that raw 
water backwash has a higher removal efficiency than clean water backwash. This indicates a possible 
: maturation with raw water backwash. 
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Results of test MR1 (figs 5.3a & 5.3b) 
MRl was the first of the maturation runs carried out. The conditions for the run 
were similar to those of runs MR2 and MR3 described above, with the exception 
that no additional bacteria in the form of settled sewage were added to the raw 
water. Results of the test, shown in fig 5.3a and 5.3b, tell a similar story to that of 
runs MR2 and MR3 discussed above. There is evidence of maturation taking 
place in the filter using raw water backwash. Fig 5.3a shows that the removal 
efficiency of the raw water backwash filter increases with time. However, unlike 
run MR2 and MR3 (fig 5.1c and 5.2a), the regression line never crosses the zero 
difference line. (Fig. 5.3a suggests a crossover at about 6 days.) This is because 
the duration of the test MRl was only 5 days (as compared to 10 days for MR2 
and 9 days for MR3)3. 
Further evidence of maturation for run MR1 can also be found in fig 5.3b. It 
shows that the slope of regression line decreases with time, which as has been 
discussed previously, indicates maturation taking place in the filter using raw 
water backwash. 
It is not possible to determine from these results whether the presence of bacteria 
in raw water aids maturation. This is because the results of all three tests, MR1, 
MR2 & MR3, presented above indicate maturation taking place in the filter 
washed with raw water. MR2 and MR3 had settled sewage added to the raw 
water, increasing its bacterial content, while no settled sewage was added to raw 
water in MRl. The presence of maturation in MRl is very interesting. This 
appears to be maturation without the presence of bacteria. This is because 
although the suspension for MR1 was unlikely to be completely bacteria free, 
there was no obvious source of bacterial contamination. Maturation without 
bacteria could be a physical process which may depend on the changing of the 
shape and surface characteristics of the filter medium. O'Melia (1985) states that 
a sand filter 'ripens' and its turbidity removal performance improves as the run 
progresses. The deposits retained by the filter act as filter media for subsequent 
removal. This suggests that a slightly 'dirty' bed will perform better than a 
completely clean bed. It may be that washing with raw water leaves the bed 
slightly 'dirty' and consequently over a period of time the filter performance 
improves. If this is the case, this may point to a backwashing procedure in which 
3Maturation run MRl was only of 5 days duration. This was because it was the first maturation run and 
when after five days there was no evidence of any maturation from the raw data the run was stopped. It 
was only later on when the data was further analysed that the evidence of maturation 'discovered'. 
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Figs. 5.3a (lop) & 5.3b (boltom): Maturatioll ru11 MRi: Comparison of clea11 water backwas/1 with raw 
water backwash. Fig. 5.3a shows the difference in removal efficiencics. It can be seen from fig. 5.3a that 
while at the start of the test clean water backwas/1 has a higher removal efficieucy than raw water backwash 
raw water back-was/1 gets progressively better aud near the end of the test has a higher removal efficiency 
than clean water backwash. Fig 5.3b shows the cumulative differcuce in removal efficiencies between clea11 
and raw water backwashcs. Steep positive slope in the beginning of the nm indicates tl~at clean water 
backwash has a higher removal efficiency, whereas a relatively less steep slope towards the end of the test 
slwws that the difference between the two is getting less. This imlicates a possible maturation with raw 
water backwash. In addilio11 the slope of the curve towards the end is fairly constant. This indicates that the 
mat uralion process has slowed down. 
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raw water is used for backwashing and the beds are not washed very 
thoroughly. 
5.5 Conclusions 
The results of the maturation tests presented here suggest that there is some form 
of maturation taking place in the filter washed with raw water. However this 
maturation is in its early stages (it probably develops over a period of weeks 
rather than days) and the duration of the tests was not long enough to be sure of 
this effect. Tests of much longer duration, say two months, need to be carried out 
to confirm this effect. 
The reasons of the maturation effect detected are not clear. It is possible that 
maturation is a physical process which depends on some deposits remaining in 
the bed after backwash. It is also possible that some form of bacteriological 
activity is taking place in the filter washed with raw water causing it to 'mature' 
with time. The raw water had no residual chlorine. It also had a high bacterial 
content, in tests where settled sewage was added to the raw water. It may be 
that any biological activity taking place is not affected by washing with raw 
water, whereas washing with chlorinated tap water causes disruption to the 
bacteriological activity, thus preventing maturation from taking place. Further 
tests need to be carried out to investigate the nature of the maturation process. 
Perhaps the most significant result of these experiments is that the raw water 
backwash appears to be at least as good as clean water backwash. This could 
lead to a change in the design of pretreatment plants in future, many of which at 
present use treated water for backwashing. 
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Chapter 6 
PRELIMINARY EXPERIMENTS (PART 3): HORIZONTAL ROUGHING 
FILTRATION- MATURATION EXPERIMENTS 
6.1 Introduction 
In chapter 5, evidence of the maturation of upflow sand filters was detected and 
it appeared to be related in some way to the quality of the wash water. The filter 
washed with chlorinated tap water did not exhibit any maturation, while the 
filter washed with raw water did. It was not clear if bacteria in the raw water 
aided the maturation process. This was because maturation was observed in 
both the filter washed with raw water and the filter washed with pollutedl raw 
water. It was, however, evident that the maturation was a long term process 
taking place over several weeks or possibly months. 
A form of maturation has also been observed in horizontal roughing filters 
(subsequently referred to as HRFs). It has been reported that the performance of 
an HRF in terms of turbidity removal improves over the first few weeks of the 
filter run. The reason for this improvement or maturation is not clear. It is 
possible that this is a physical process, and that the accumulation of deposits in 
the filter media improves the filter's performance by virtue of a modification of 
the shape of the grains or the nature of the surface. This mechanism of 
maturation has been suggested in sand filtration by O'Melia (1985), where it is 
refered to as ripening. It is also possible that maturation is a biological process, 
related in some way to the bacteria in the raw water. Therefore, the following 
questions arise: 
• Is there really any evidence of maturation in HRFs? 
• If maturation occurs, is it affected by the quality of the raw water? In 
particular, does the presence of bacteria in raw water aid the 
maturation process? 
To answer the above questions, tests were carried out on experimental HRFs. 
The performance of filters, in terms of turbidity removal, when no bacteria were 
present in the raw water, was compared to the performance when bacteria had 
been added. The results of these experiments are presented in this chapter. 
It was not, however, the object of these experiments to design a filter to produce 
effluent of the best quality. Considerable work in this area has already been 
1 Raw water with settled sewage added to increase its bacterial content. 
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done by others. Therefore, the filter units used for these experiments were not 
designed to produce the best quality effluent. 
The answers to the above questions could provide important information 
regarding the direction of future work and, in particular, the type of water which 
should be used in further filtration experiments. 
6.2 Apparatus 
It has been mentioned above that it was not the object of these experiments to 
design an HRF to produce effluent of the best quality possible. The overall 
design was based on the tentative guidelines recommended by Wegelin (1986). It 
was important to limit the amount of suspension which had to be prepared for 
the experiments, as this was very time-consuming. Consequently, in the case of 
these experiments, it was the desire to minimise the volume of suspension which 
had to be produced which determined the _cross-sectional area of the filter. This, 
in turn, dictated the size of the filter media used. 
6.2.1 Filter units 
The filter units were constructed from an opaque PVC pipe. A pipe was 
preferable to a conventional rectangular trough, which would have been open to 
the atmosphere, in that using a pipe allowed the filters to be run under pressure. 
This meant that a larger head loss could be allowed to develop if a pipe were 
used rather than an open channel, where the maximum head loss permissible 
would have been limited by the height of the channel. Therefore, it was 
potentially possible to achieve much longer filter runs with a pipe than with an 
open channel of equivalent dimensions. Longer filter runs were desirable, as the 
plan was to run maturation experiments of several months' duration. An 
additional advantage was that PVC piping was readily available from the 
laboratory stores. 
Filtration rate 
Wegelin recommends the following filtration rates for use with an HRF: 
low influent turbidity 1.0 to 1.5m/h 
medium influent turbidity 
high influent turbidity 
0.75 to 1.0m/h 
O.Sm/h 
It was decided to use a suspension similar to that used for the experiments 
discussed in chapters 4 and 5. This had a turbidity of approximately 80NTU, 
which fell into the medium turbidity range according to Wegelin's classification. 
Therefore, a filtration rate of 1m/h was chosen for these experiments. 
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Cross-sectional area 
According to Wegelin, the cross-sectional area of an HRF unit only affects the 
filter's output capacity. The main concern here, as has been mentioned above, 
was to limit the number of times the suspension had to be made. The volume of 
suspension required for various sizes of pipe is shown in table 6.1 below: 
Table 6.1: Volume of suspension required for different filter sizes at a 
filtration rate of lm/h 
Diameter of filter pipe Volume of suspension Approximate no. of 
(mm) (!/day) 1901 drums/day2 
50 47 0.25 
100 188 1 
150 424 2.25 
It was decided to use a 100mm diameter pipe as this would require about one 
drum of suspension per day. This meant that the two filters could be run at the 
same time on the two available drums, and the suspension only had to be made 
once a day. 
Fig. 6.1 below shows a typical HRF unit constructed on the basis of the above 
design considerations. 
2The influent suspension storage tanks consisted of two oil drums. Each had a capacity of approximately 
1901. 
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Horizontal Roughing Filter 
Fig. 6.1: Shows the main features of a horizontal filter unit used for these experiments. The arrangements 
for the influent to the filter, the discharge of the effluent from the filter, the measurement of head loss, 
filtration rate and turbidity are the same as those used for upflowfdownflow experiments, shown in fig. 4.1. 
Filter media 
The diameter of the filter tube determined the size of filter media which could be 
used. Wegelin recommends using gravel sizes of between 4 and 2Smm on HRFs. 
Gravel sizes smaller than 4mm are not recommended because of high head loss 
and cleaning difficulties. However, the maximum size of gravel which can be 
used depends on the area of the filter tube. Too large a size may cause significant 
wall effects3. It was, therefore, decided to use a very narrow grading of gravel of 
between 4 and Smm. Consequently, the minimum size of 4mm would be within 
the recommended limits for minimum media size, while the size maximum size 
of Smm would give a d/0 ratio of 1:20, and so would also be within the 
acceptable limits for wall effects. The gravel was sieved and washed before use . 
. 6.2.2 Drip feed apparatus (Mariotte Jar) 
It was decided to run two filters in parallel, feeding both of them with the same 
suspension, but adding settled sewage to one and chlorine solution to the other. 
This meant that the chlorine and the settled sewage had to be fed directly to the 
appropriate filters via at-piece near the inlet of the filters. 
3Wall effects have been discussed in section 4.2. It is generally accepted that a grain dia to filter dia (d/D) 
ratio of > 1:50 is enough to render the wall effects insignificant. However, recent research on sand filters 
suggests that a ratio of 1:20 may be used without significant wall effects occurring. 
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When designing the drip feed, it was important to ensure that the flow rates were 
very slow and constant over a period of several days. The flow rates had to be 
slow in order to keep the volume of flow through the drip feed small in 
comparison to the volume of flow through the main inlet. It was necessary to do 
this because the inlet turbidity had to be kept the same in both filters, even 
though the chlorine solution and the settled sewage had different turbidities. In 
addition to this, the settled sewage itself varied in turbidity from batch to batch. 
It was decided to aim for a drip feed flow rate of 1 litre/ day. This was because 
the total flow through each filter was designed to be just under 2001/ day. 
Therefore, at 11/ day, the flow through the drip feed would be approximately 
0.05% of the main flow. This was considered to be small enough to avoid 
significantly affecting the influent turbidity in each filter. 
The drip feed apparatus was based on the Mariotte Jar, which has been used to 
deliver a flow rate as slow as 11/day (Warden 1988). Fig. 6.2 below shows the 
details of the apparatus used. 
Air valve to control 
the flow rate 
Air inlet 
Details of the air valve 
Stop tap, normally kept open, 
closed during refilling 
/ 
~ Drip feed to HRF 
Drip Feed Apparatus 
... .... 
In"' slow 
Out • fast 
Fig. 6.2: Drawing of the drip feed apparatus based on the Mariotte Jar principle. The drawing shows details 
of the specially made air valve used to control the flow rate. The design of the air valve was crucial to 
achieving the very slow flow rate required from the apparatus. 
The construction of the Mariotte Jar posed several problems. Initially, plastic 
aspirators were tried, but they did not prove to be successful. This was because, 
although made of rigid plastic, they were not strong enough to withstand the 
partial vacuum which developed above the liquid in the aspirator, which 
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resulted in them buckling under the load. This meant that the flow from the drip 
feed did not remain constant. Consequently, glass bottles were tried, and they 
proved successful. The next problem was controlling the flow rate by regulating 
the amount of air entering the bottle. To achieve such a slow flow rate (11/ day), 
the amount of air entering the bottle needed to be controlled very precisely. 
After several attempts, a simple air valve was found to be successful. This 
consisted of a rigid polythene rod which had a slightly tapered hole bored 
through it. In this hole was fitted a specially made tapered screw with a very fine 
thread (fig. 6.2). The screw was a tight fit. Air flow was controlled by adjusting 
the screw. This worked very well and afforded a precise control over the air 
entering the aspirator. 
6.3 Method 
It has been mentioned above that the object of these experiments was: 
a) To investigate maturation in HRFs. 
b) To find out if the quality of the raw water, in particular the presence of 
bacteria in the raw water, has an effect on the maturation process. 
It was therefore decided to compare the performance of an HRF when there were 
no bacteria present in the raw water to the performance when there was a large 
number of bacteria present. To inactivate any bacteria present in the suspension 
chlorine was added to the influent. To increase the number of bacteria present, 
settled sewage was added. 
Initially, only one filter was available and chlorine was added directly to the 
suspension tank. Later, when two filters were run in parallel from the same 
suspension, a drip feed apparatus was used to add chlorine and settled sewage 
directly to the appropriate filter via at-piece fitted near the inlet of the filter 
(fig. 6.1). 
6.3.1 Suspension 
The suspension used for these experiment!; was similar to that used for the 
experiments in chapters 4 and 5. Its turbidity varied between 80 and 90NTU. 
6.3.2 Measurements 
Turbidity 
Samples of influent and effluent were taken once in every 24hrs for turbidity 
measurement. 
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Head loss 
Head loss was also measured every 24hrs, at the same time as turbidity. 
Residual chlorine level 
The level of residual chlorine in the suspension was measured using the DPD 
field test apparatus. The measurements were taken immediately prior to the 
chlorine being added, half an hour after it had been added and 24 hours after it 
had been added. These measurements provided information on the initial level 
of chlorine in water, the level of chlorine remaining after 30 minutes of contact 
time. It wan important to have a residual level of chorine remaining after 30 
minutes of initial disinfection. This would insure that there were no bacteria 
present in the water and also provide some protection against further 
contamination. If no further bacteria were added the level of chlorine in water 
after 24 hours should be about the same as after 30 minutes. 
6.3.3 Dosages of chlorine, sodium thiosulphate and settled sewage 
Chlorine dosage: 
For disinfection, a small level of free residual chlorine must remain in the water. 
In these experiments, it was decided to aim for a level of 2mg/l of free residual 
chlorine. A solution of sodium hypochlorite was used for disinfection. 
Sodium thiosulphate 
In order to neutralise the effect of any chlorine remaining in the system, a 
solution of sodium thiosulphate was used before settled sewage was added to 
the raw water. The dose of sodium thiosulphate used was twice the level of free 
residual chlorine in the water. 
Settled sewage 
The settled sewage varied from batch to batch. It was decided to add 11 of settled 
sewage to the suspension tank every time the tank was refilled. When the drip 
feed was being used, the rate at which settled sewage was fed was set at 11/ day. 
This was the same rate as the chlorine feed. The reasons for doing this have been 
explained above in section 6.2.2. 
6.4 Results 
Two filter runs, HRF 1 and HRF 2, were carried out. The results of these 
experiments are shown in fig. 6.3 and fig. 6.4 below. 
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Fig. 6.3 (top) & fig. 6.4 (bottom): T11e results of filter runs HRF 1 & HRF 2 
It can be seen from fig. 6.3 that the removal efficiency of the filter increases when settled sewage is 
added to the water. However, for the major part of the test the two filters are not run together and 
therefore are not fed with the same suspension. In fig. 6.4 the two filters are run in parallel and are fed 
the same suspension. It can be seen clearly that the removal efficiency of the filter to which settled 
sewage was added increases considerably with time, while that of the filter to which chlorine was 
added remains relatively constant. 
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Filter run: HRF 1 
For the first 10 weeks only one filter, filter 1, was available (fig. 6.3). It was 
decided first to observe the filter without any bacteria in the water. For the first 
three weeks, filter 1 was run on clay suspension made with chlorinated tap 
water. Then additional chlorine was added to the raw water and filter 1 was 
observed for a further seven weeks. On week 10, settled sewage was added to 
the raw water instead of chlorine. In order to neutralise the effect of any chlorine 
remaining in the system, a solution of sodium thiosulphate was added to the raw 
water before the addition of the settled se~age. Filter 2 was also started on week 
10. Between weeks 10 and 14 both filters were running in parallel from the same 
suspension with settled sewage added. On week 14, filter 1 was stopped because 
it had become very dirty, while filter 2 was kept running. Finally chlorine was 
added to filter 2 between week 19 and week 22. The filter run was stopped at the 
end of week 22. 
Fig. 6.3 shows the results of the experimental run HRF 1. Due to the large 
number of data points available, only the average turbidity removal efficiency for 
each week has been plotted. It can be seen that: 
• The removal efficiency for filter 1 is generally constant for most of the 
test. However, there appears to be a gradual increase in removal 
efficiency towards the end of the run. 
• In the case of filter 2, the removal efficiency gradually increases 
throughout the test. However, the rate of increase in removal 
efficiency appears to slow down-towards the end of the test. 
• In both cases (filter 1 and filter 2) the increase in removal efficiency 
generally corresponds to the time when settled sewage was being 
added to the filter. 
The above observations indicate that the presence of settled sewage (bacteria) in 
the raw water increases the removal efficiency of the filter. The reduction in the 
rate of increase in removal efficiency in filter 2, which occurred when chlorine 
was added, appears to reinforce this conclusion. However, this reduction may be 
due to the filter approaching its maximum level of removal efficiency rather than 
the effect of the chlorine in the water. There is also a lot of scatter in the results. 
Therefore, further tests were required to support the above observations. 
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Filter run: HRF 2 
One of the problems with the results of run HRF 1 was that, for the majority of 
the duration of the test, only one filter was running at any one time (fig. 6.3). 
This meant that it was difficult to compare the results from the two filters 
because for the most part the suspension being filtered was different for each 
filter. In filter run HRF 2, therefore, the experiment was repeated with the two 
filters running in parallel with the same influent suspension. Chlorine was 
added to one and settled sewage to the other and the results were compared. 
Fig. 6.4 shows the results of the filter run HRF 2. It can be seen that: 
• An increase in removal efficiency with time (or maturation) is apparent 
in both filters. 
• In the case of the filter with chlorine added (no bacteria), there is only a 
small increase in removal efficiency and the rate of the increase in 
removal efficiency is also very small. (The removal efficiency increases 
from approximately 35% at the beginning of the test to approximately 
40% towards the end of the test.) 
• In the case of the filter with settled sewage added (additional bacteria), 
both the overall removal efficiency and the rate of increase in removal 
efficiency are much higher as compared to the filter with chlorine 
added. (The removal efficiency increases from approximately 35% at 
the beginning of the test to approximately 55% towards the end of the 
test.) 
• For the first three weeks, there is very little difference between the two 
filters as regards removal efficiency. After this period, the removal 
efficiency of the filter with settled sewage added increases at a much 
faster rate as compared to that of the filter with chlorine added. 
• Comparing the results of the two tests, HRF 1 and HRF 2, it can be seen 
that the results with settled sewage are very similar. Fig. 6.3 shows 
that the removal efficiency of filter 2 increases from approximately 30% 
after week 10 to approximately 50% after week 19, i.e. an increase of 
20% over a period of 10 weeks. This compares favourably with the 
results of HRF 2. Fig. 6.4 shows that the filter with settled sewage 
added has a removal efficiency of approximately 35% after the first 
week and this increases to approximately 55% after 10 weeks, i.e. also 
an increase of 20% over 10 weeks. 
The above observations appear to support the earlier observations made in 
respect of filter run HRF 1, namely that the addition of settled sewage to the raw 
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water increases the removal efficiency of the filter. It is presumed that it is the 
bacteria present in the settled sewage (absent in the filter to which chlorine was 
added) which aid the increase in the removal efficiency (or maturation) of the 
filter. This points to the maturation being a biological process. The results of the 
test HRF 2 also show that it takes approximately 3-4 weeks before any 
maturation is apparent. 
Organic content of filters 
One possible way to determine if some biological action aids the maturation 
process in an HRF is to investigate the organic content of the filters. Organic 
content is a measure of the organic matter present in the filters. It is possible that 
some biological process takes place in an HRF which results in biological growth 
in the filters. This would result in an increase in the organic content of the filters. 
Organic content analysis was carried out on the filter runs HRF 1 and HRF 2. 
The method used to carry out the organic content analysis was the H202 
oxidation method, as described in the Standard Methods (APHA, 1989 ). The 
results of the analysis are shown in table 6.2 below. It shows the initial and final 
organic content of the filters. The initial organic content was taken as the 
average organic content of the clay suspension at the beginning of the test. This 
was because the gravel was thoroughly washed before being put in the filters 
and there was no other source which could add organic material to the filters. 
The final organic content was taken as the organic content of the effluent at the 
end of the test. The difference in the two values represents the change in organic 
content. Also shown in table 6.2 is the organic content of the material deposited 
on the gravel. 
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Table 6.2: Results of the organic content analysis (using the HzOz oxidation 
method) for filter runs HRF 1 and HRF 2 
Run no.: HRF 1 Run no.: HRF 2 
Organic content Filter no. Filter with 
% 1 2 chlorine settled 
added sewage 
added 
Initial (clay suspension) 1.2 1.2 1.2 1.2 
Final (effluent) 1.4 2.6 1.1 3.4 
Deposits on gravel 1.7 2.9 1.0 4.3 
Change (final- initial) 0.2 1.4 -0.1 2.2 
It can be seen from table 6.2 that: 
• In the case of HRF 1, there is an increase in the organic content of both 
filters. However, the increase in the case of filter 2 (1.4%) is much 
greater than is the case with filter 1 (0.2%). The higher organic content 
for filter 2 was expected. This was because settled sewage was added 
to filter 2 over a much longer period (10 weeks) as compared to filter 1 
(5 weeks). The increase in organic content could be due to two 
possible sources. Firstly, it could be due to the addition of settled 
sewage. However, this may not account for all the increase. Another 
source of the increase in the organic content could be a possible 
biological growth in the filter. Unfortunately, it is not possible from 
the available data to distinguish between these two sources. 
• The organic content of the deposits on the gravel is also an indication 
of the increase in the organic content of the filters. These results also 
show that the increase in the organic content for filter 2 is greater as 
corn pared to the increase for filter 1. However, once again, it is not 
possible to say if the increase is solely due to the addition of the settled 
sewage, or if some biological process is responsible for the increase. 
• The results of the organic content analysis for filter run HRF 2 are in 
general agreement with the results of filter run HRF 1. In the case of 
HRF 2 the results show that there is a large increase (2.2%) in the 
organic content of the filter to which settled sewage was added, while 
there is in effect a small decrease (-0.1 %) in the organic content of the 
filter to which chlorine was added. However, once again, it is not 
85 
possible to say whether the increase in the organic content was due to 
settled sewage or bacterial growth or a combination of the two. 
6.5 Conclusions 
• There is evidence of maturation taking place in horizontal roughing 
filters. 
• There is evidence to suggest that maturation may be a biological 
process, related to the presence of bacteria in water. 
• The results of both the filter runs show that the maturation is a long 
term process taking place over several weeks. 
• The results of the organic content analysis show that the organic 
content of the filter increases when settled sewage is added to the 
water. 
The above conclusions are supported work of others. Gal vis et a! (1992) 
recommended that the test period on a HRF should be at least six months. This 
would span both rainy and dry seasons and also provide enough time for 
maturation especially in the case of filter beds being used for the first time. 
Mbwette (1992) suggested that operation of an HRF should not be intermittent, 
as this is likely to interfere with its bio-chemical purification mechanisms. 
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Chapter 7 
MAIN EXPERIMENTS (PART 1): EFFECT OF BED DEPTH AND 
FLUIDISATION OF SAND BED 
7.1 Introduction 
One of the findings of the preliminary experiments was that the depth of the 
sand bed had an important effect on the overall turbidity removal. Experiments 
carried out, reported in chapter 4, clearly demonstrated the improvement in 
turbidity removed when the bed depth was increased from ll.Scm to 21cm. 
Further tests, however, need to be carried out because: 
• The statistical analysis in section 4.6.1 shows that, while the bed depth 
may be important in overall turbidity removal, there is a lot of scatter 
in the results which makes them statistically not significant. Therefore 
further tests need to be carried out to improve the significance of the 
estimates produced and confirm the results. 
• While the turbidity removal was increased by increasing the bed 
depth, the average turbidity removal achieved by the deepest bed 
testedl (21cm) was not sufficient if the filter was to be used as a pre-
treatment filter to slow sand filters2. Extrapolating the results in 
fig. 4.3 suggests that a bed depth of the order of lm or more may be 
necessary to produce an acceptable level of turbidity removal. To 
confirm this it was therefore necessary to carry out further tests with 
deeper beds. 
New apparatus consisting of deeper filter columns was designed. A description 
of this, including the design criteria used, has been given in this chapter. Firstly, 
the results of fluidisation experiments are presented in this chapter. These 
experiments were carried out to investigate the expansion of a clean sand bed 
with various wash rates and the results were used to determine the backwashing 
procedure for future tests. Tests were then carried out in which sand bed depths 
of 20cm to 1.2m were investigated. The results of these experiments are reported 
next in this chapter. 
121 cm was the maximum depth of sand bed which could be investigated on the apparatus used for the 
~reliminary experiments described in chapter 4. · 
It has been mentioned in chapter 2 that influent to slow sand filters should have a turbidity of less than 
lONTU, although for short periods turbidity levels of 30NTU or more may be tolerated. 
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7.2 Apparatus 
It has been mentioned that new apparatus was required to carry out filtration 
experiments on deep sand beds. It was designed on the basis of the following 
criteria: 
• The filter columns should be long enough to allow the investigation of 
sand beds of more than lm in depth. 
• The apparatus should allow multiple filters to be run in parallel from 
the same influent suspension. It would then be possible to carry out 
various comparative studies. 
• One of the conclusions of the preliminary experiments, described in 
chapter 5, was that washing with raw water3 seemed to improve the 
performance of the filter in terms of turbidity removal. This suggested 
a maturation of the filter washed with raw water. The results were, 
however, not conclusive and further experiments were needed for 
• 
confirmation. It wns therefore decided that the new apparatus should 
have the facility for washing the filters with both clean water and raw 
water. 
• Another of the findings of the maturation experiments4 was that the 
maturation of the filters was a gradual process, and the filter had to be 
run continuously for several days before any effect was noticeable. 
This had the practical limitation that the filters could only be washed 
during working hours, wh!ch was not necessarily the time they needed 
to be washed. A better criterion for washing the filters would be when 
a particular headloss was reached. This could happen at any time 
during the day or night. It was therefore thought desirable that the 
new apparatus should be able to accommodate an automatic 
backwashing system. This was installed Inter on and will be described 
in chapter 9. 
New apparatus was designed on the basis of the above design criteria. Fig. 7.1 
below is a schematic diagram, showing the overall layout of the apparatus. For 
3Raw water has previously been defined as unfillercd wat~r. 
4The maturation experiments were long term tests which have been reported in chapter 5. The object of 
these experiments was to determine any difference in filter performance, over a long period, between 
washing with clean water and washing with raw water. 
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the sake of clarity, the connecting tubes for only one filter have been shown. 
Fig. 7.1 shows many similarities to the apparatus used for upflow/downflow 
experiments, (shown in fig. 4.1). The main features of the apparatus were a 
concentrated suspension storage tank, a suspension mixing tank, a constant head 
feed tank, four parallel filter columns and a backwash tank. These have been 
described below: 
Concentrated suspension storage tank 
One of the practical problems encountered during the preliminary experiments 
was that the preparation of suspension was a time consuming and laborious 
process. It was decided to streamline the process by reducing the number of 
times the suspension had to be made. This was done by producing and storing a 
large quantity of concentrated suspensionS at one time and diluting it to 
requirement. The concentrated suspension storage tank had a capacity of 
approximately 6501, which was usually sufficient to run four filters continuously 
for about one week. It was equipped with a variable speed electric stirrer, used 
to stir the suspension gently and prevent it from settling. 
Mixing tank 
The turbidity of the concentrated suspension was usually between 500-600 NTU. 
It was diluted with tap water, in the mixing tank, to a turbidity of about 80NTU. 
In the mixing tank the concentrated suspension from the storage tank, fed via a 
peristaltic pump, was mixed with tap water which was fed via a float valve. The 
filters were run at a uniform rate. Therefore, the net outflow from the mixing 
tank was also uniform. The concentrated s·uspension was also fed at a uniform 
rate via the peristaltic pump. This meant that, to keep the net inflow equal to the 
net outflow, the float valve also fed the tap water at a uniform rate. Thus the 
level of turbidity in the mixing tank remained uniform, and determining the level 
of turbidity in the mixing tank was a matter of calculating the dilution factor and 
adjusting the flow rate from the peristaltic pump accordingly. This procedure 
worked very well in practice and it was found that turbidity in the mixing tank 
could easily be maintained to within± SNTU. 
Constant head feed tank 
The constant head feed tank was of a similar design to the one used for 
upflow I downflow experiments, described in section 4.2.3. 
SThe turbidity of the concentrated suspension was usually between 500-600 NTU.lt was diluted with tap 
water, in the mixing tank, to a turbidity of about 80NTU. 
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Backwash tank 
The backwash tank had a capacity of 301. It was placed at a height of 4m above 
the floor level. The tank had an overflow to waste. During the backwash, it was 
ensured that there was always water flowing through the overflow outlet. This 
ensured that the head available for each backwash was the same and, therefore, 
that all the backwashes were uniform. 
Filter columns 
Fig. 7.2 is a drawing of a typical filter column and fig. 7.3 shows the details of the 
filter base. 
Diameter 
The filter columns were made of clear perspex tubes with an inner diameter of 
58mm. It has been mentioned in chapter 4 that, with the sand sizes used in these 
experiments, the wall effects are not significant in filter columns of this diameter. 
The results produced are, therefore, representative of a full size filter. 
Length of filter tubes 
It can be seen from fig. 7.1 that the filter columns were of different lengths. This 
arrangement was chosen, in preference to columns of equal length, because it 
allowed deeper bed depths to be investigated from the same length of tube, thus 
making more efficient use of the materials available. 
7.3 Method 
The experimental method for these experiments was on the whole very similar to 
that for the preliminary experiments. Measurements were made of influent and 
effluent turbidity, filtration rate and head loss. The method of measuring the 
turbidity and filtration rate was the same as that described in section 4.3. Head 
loss was measured using piezometer tubes. These were used to facilitate the use 
of automatic backwashing system to be installed at a later stage. The head loss 
across the filter was the difference between the water level in the piezometer tube 
and the filter outlet. The main difference between the method used for the 
experiments in chapter 4 and these experiments was the backwashing procedure. 
This has been described below: 
7.3.1 Backwashing procedure 
The filters were washed by fluidising the sand using water from the backwash 
tank. In all the experiments carried out in this chapter, filters were backwashed 
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using a constant head of water. This was achieved by ensuring that there was 
always water flowing from the backwash tank. The reason for investigating 
constant head backwashes was that the it was easier to have consistently uniform 
backwashes. One of the objectives of experiments with new filter columns was 
to investigate the effect of variation in back washes on the filter performance. In 
order to do this the rate and duration of backwashes had to be controlled 
accurately. There was a problem as the valves used on the apparatus did not 
allow the flow rate to be precisely controlled. This problem was overcome by 
using two valves in series (fig. 7.3a). One was pre-set to control the flow rate and 
the other was used as an on off valve. 
To filters 
Experimental 
backwash 
control valve 
V2 
T 
Backwash 
"ON/OFF' 
valve 
Vl 
From backwash 
tank 
Fig. 7.3a: Two valve arrangement to control the backwash rate. 
During the fluidisation experiments the control valve V2 was calibrated by 
recording the level of fluidisation at various filtration rates. Before an 
experimental run the control valve was pre-set to provide the required flow rate. 
Backwashing was then just a matter of fully opening the ON /OFF valve for the 
required duration. This method proved to be very successful and was 
subsequently modified for use in further experiments. 
7.4 Results 
7.4.1 Fluidisation of sand bed 
In chapter 2, it has been mentioned that there are many models available which 
attempt to predict the fluidisation and expansion of a filter bed. The fluidisation 
of a sand bed is dependent on many factors, including the sphericity and the 
porosity of the bed, and these models often require knowledge of these factors, or 
incorporate them indirectly. 
94 
It was not the object of these experiments to make precise predictions about the 
fluidisation of filter media, or to contribute to the theory of fluidisation. The 
object here was to observe the expansion of the sand bed under various 
backwashing rates to establish which rates could be used without incurring 
media loss. 
The results of the fluidisation experiments carried out are shown in fig. 7.4 
below. It shows the expansion of a 60cm bed when it was subjected to a filtration 
velocity varying between 20 and 160m/h. 
y = - 5.7704 + 0.49707x + 1.9637e~3xA2 R"2 = 0.999 
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80 
§ 
• 0 60 ·~ 
• • 
"" • .., 
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Fludisation velocity (m/h) 
Fig. 7.4: Fluidisation of sand bed. 
Fig. 7.4 abaue shows the expansion of a clean sand bed (bed depth; 60cm), when it was fluidised at various 
fluidisation velocities. A best fit regression line has been fitted to the data. It shows that a minimum 
velocity of approximately 10mfhr is required before the bed is fluidised. 
It can be seen from fig. 7.4 that: 
• The graph crosses the horizontal axis at about 10m/h, indicating that 
the minimum fluidisation velocity (vmf) is approximately lOm/h. 
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o To attain a reasonable expansion of 20-30%, a fluidisation velocity of 
about 50m/h would be required. 
o The shape of the graph is a gentle curve at low velocities and almost 
linear at high velocities. The curve at low velocities could possibly be 
due to the fact that not all of the bed is fluidised at the same time, and 
at low velocities only the top of the bed is fluidised while the rest 
remains solid. 
It is important to emphasize that the above behaviour only applies to a bed of 
clean sand. A dirty sand bed would behave in a different manner, and the 
expansion achieved and the minimum fluidisation velocity would be different. 
However, the results provide a useful guide to the sort of filtration velocities 
which could be used during backwash in g. 
7.4.2 Effect of bed depth 
Experiments were carried out to determine the effect of bed depth on turbidity 
removal. The bed depths investigated were 20, 40, 60, 80, 100 and 120cm. Tests 
were carried out at influent turbidity values of 135, 85, 81 and 40NTU. The sand 
used in the experiments had an NC of 1.26 and an effective size of 0.65mm. 
Each filter run was of a 24hr duration. The filtration rate was kept at 2.5m/h for 
all runs. At the end of each run, the filters were backwashed for 1min at a flow 
rate of 51/min (= 115m/h). Turbidity readings were taken at frequent intervals 
throughout the run, and an average value for inlet turbidity and removal 
efficiency was calculated. Fig. 7.5 below shows the results of experiments carried 
out. Average removal efficiency for each run has been plotted against bed depth. 
Regression lines have been fitted to the data. It can be seen that: 
o Removal efficiency increases with the increase in bed depth. This is 
consistent with the conclusions of the preliminary experiments (see 
section 4.5). The rate of increase in removal efficiency, however, 
appears to slow down as the bed depth increases. This is indicated by a 
reduction in the slope of the regression lines at larger bed depths. 
o For a particular bed depth, the removal efficiency increases with 
influent turbidity. This again is consistent with one of the conclusions 
of chapter 4. 
o At the minimum bed depth (20cm) the removal efficiency varies 
between approximately 25% and 45%, with a removal efficiency of 
about 35% for mid-range influent turbidities. (This compares with a 
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Fig. 7.5: Effect of bed deptl1 011 turbidity removal 
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removal efficiency for a 21cm bed of approximately 28%@ Ti = 90NTU 
from preliminary upflow I downflow experiments- see fig. 4.3.) The 
difference between the two values could be due to differences in 
experimental conditions, i.e. different apparatus, suspension, filter, 
sand and a slightly different filtr!l-tion rate. 
• At the maximum bed depth (120cm) the removal efficiency varies 
between approximately 80% and 95% with a value of about 90% for the 
mid-range influent turbidities. This means that feeding a suspension of 
80NTU to a filter with a 120cm bed would result in an effluent 
turbidity of approximately 8NTU. This observation is again consistent 
with earlier predictions in chapter 4, where it is stated that a bed depth 
of lm or more may be required to produce an acceptable level of 
turbidity removal. 
7.5 Summary 
New apparatus was designed to carry out experiments using deep filter beds. 
Fluidisation experiments on a bed of dean sand show that the minimum velocity 
required to fluidise (vmf) a bed 60cm deep is about 10m/h. The results also show 
that, to achieve a fluidisation of between 20-30%, a fluidisation velocity of about 
50m/h would be required. 
The results of experiments on the effect of bed depth on turbidity removal 
confirm the earlier observations that the removal efficiency increases with the 
increase in bed depth. They also show that, for the experimental conditions 
(Ti=SONTU and v=2.5m/hr), a bed depth of more than lm would be required to 
produce an effluent with a turbidity of less than 10NTU. 
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Chapter 8 
MAIN EXPERIMENTS (PART 2): EFFECT OF BACKWASH ON EFFLUENT 
QUALITY 
8.1 Introduction 
The advantages of up flow filtration have been discussed previously in chapters 
1, 4 and 5. These include in particular: 
• The process being more suited to a wider sand grading. 
• The simplicity of design when raw water is used for back washing. 
The benefits of using a wider sand grading with upflow filtration has been 
discussed in detail in chapter 4. The effects using raw water backwash have been 
investigated in chapter 5. There is some evidence to suggest that washing with 
raw water improves the filter performance over a period of time. One possible 
explanation of this improvement (maturation) may be that washing with raw 
water does not get the bed completely clean and leaves some deposits on the 
sand grains and that it is this build-up of deposits on the sand grains which 
assists in improving the filter performance. If this is the case then washing the 
sand bed thoroughly might not produce the best filter performance. The 
question therefore arises as to what is the best backwashing procedure. Is there a 
particular combination of backwash rate and backwash duration which produces 
the best effluent quality, i.e. is there an 'optimum' backwash? 
Johnson and Cleasby (1966) investigated the effect of backwashing on filter 
effluent quality. They carried out filtration experiments in which both the 
backwash rate and duration were varied, and found that there was a particular 
combination of backwash rate and duration which produced the optimum 
effluent quality. In other words an 'optimum' backwash existed. Johnson and 
Cleasby carried out their experiments on downflow filtration. This chapter 
describes similar experiments on upflow filtration, using a technique similar to 
the one used by Johnson and Cleasby (1966), in order to determine whether an 
optimum backwash existed for up flow filtration. 
In this chapter the results of these backwas·h experiments on upflow filtration 
have been presented. These results have been compared to those of the 
experiments on downflow filtration obtained by Johnson and Cleasby (1966). 
99 
Both sets of results have then been analysed further in order to establish an 
optimum backwashing procedure. 
8.2 Apparatus 
The apparatus used for these experiments was the same as that used for the 
experiments in chapter 7 and has been described in section 7.2. 
8.3 Method 
It has been mentioned above that the experimental procedure for these 
experiments was based on the technique used by Johnson and Cleasby (1966). A 
description of the experimental procedure follows: 
8.3.1 Experimental runs made 
An experimental run was a four stage process. It consisted of a standard 
backwash, a preparation filter run known as the dirtying run, an experimental 
backwash and an observation run. The dirtying run was made to clog the filters. 
These were then washed at varying rates and for varying durations and the effect 
on effluent quality was observed in the subsequent observation run. The 
different stages in the experimental run are further discussed below. 
• Stage 1: Standard backwash 
At the start of an experimental run the filters were washed thoroughly 
at a fixed backwash rate and for a fixed duration. This procedure was 
the same for all the experimental runs in a set and has been refered to 
as a standard backwash. The reason for carrying out a standard 
backwash was to ensure the sand bed was in a similar condition at the 
start of each dirtying run. 
• Stage 2: 'Dirtying' run 
After the standard backwash, the next stage was a preparation filter 
run. This has been refered to as the dirtying run because it was carried 
out to clog the filters prior to an experimental backwash. All the 
dirtying runs were carried out under similar conditions. This meant 
that the variables (influent turbidity and filtration rate) were kept as 
uniform as possible for all dirtying runs. In addition the filter run was 
of the same length for all dirtying runs. The object of the dirtying runs 
was to attempt to clog the filters to the same level at the end of each 
dirtying run. 
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• Stage 3: Experimental backwash 
The filters were then back washed at different rates and for varying 
durations. In this chapter this has been refered to as the experimental 
backwash. The backwash rates and durations investigated have been 
shown in table 8.1 below. The effect of varying the backwash rate and 
duration was then observed in the next stage in the experimental run, 
the observation run. 
• Stage 4: 'Observation' run 
The effect of varying the backwa_sh rate and duration on the effluent 
quality was then observed in the final stage of the experimental run, 
the observation run. The observation run was carried out under 
similar conditions to the dirtying run, therefore any difference in 
effluent quality between the dirtying run and the observation run was 
likely to be due to the variation in the backwash procedure. 
Table 8.1 below shows a summary of the experiments carried out. It also shows a 
summary of experiments carried out by Johnson and Cleasby for comparison. 
Table 8.1: Summary of experiments carried out 
Experiment Backwash Backwash Other information 
rate duration 
(m/h) (minutes & 
seconds) 
SetA 27.5, 36.7 & 1, 3 & 10 Std backwash= 48.2 m/h for 20 min. 
41.3 minutes Average filtration rate= 2.6 m/h 
Average influent turbidity = 87 NTU 
Set B 22, 45,70 & 10s, 20s, Std backwash= 115 m/h for 10 min. 
100 30s, 1min & Average filtration rate= 2.6 m/h 
4 minutes Average influent turbidity= 85 NTU 
Johnson& 27.1 (*11.1), 3, 6, & 12 Std backwash = 35.9 m/h for 6 min. 
Cleasby 33.9 (13.9), minutes followed by 49.3 m/h for 20 minutes. 
(1966) 40.8 (16.7) Average filtration rate"' 10 m/h 
Average influent turbidity values 
ranged from 4.4 to 9.7 JTU 
*The values in ()are backwash rates in gpm/sq. ft as given by ]ohnson & C/easby (1966) 
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8.3.2 Filtration run length 
All the filtration runs in these experiments were of 24 hours duration. It was not 
necessary for these experiments to clog the· filters to their ultimate capacity. The 
object was to observe the effect of variation in the backwash on filter 
performance. The important criterion, therefore, was that all the filters were 
clogged to a uniform level prior to the backwash. This could be achieved by 
having a uniform run length, as well as a uniform filtration rate and a uniform 
inlet turbidity. In addition a relatively short run length of 24 hours had the 
advantage that it allowed more filter runs to be carried out in the same amount 
of time than would have been possible if the filter runs had been carried out until 
the filters were fully clogged. 
8.3.3 Backwashing 
The backwashing procedure was mainly the same as described in section 7.3, 
with only a few modifications, and only the modifications have been described 
here. The modifications concerned the operation of backwash valves to control 
the backwash rate. It has been mentioned in section 7.3 that the valves used on 
the apparatus made it difficult to control the flow rate precisely. This problem 
was overcome by using two valves in series. One was used as the control valve 
which was pre-set at the start to allow a given flow rate, while the other was used 
as an 'ON /OFF' valve, operated either fully open or shut, to turn the backwash 
on or off. 
The difference with these backwash experiments was that the four stage 
experimental run consisted of two back washes, the standard backwash and the 
experimental backwash. Because these two backwashes were of different rates, 
the backwash control valve could not be pre-set at the start of the experiment to 
suit both cases. It was therefore decided to use an arrangement with three valves 
in series, one 'ON /OFF' valve and two control valves (fig. 8.1). The procedure is 
explained as follows: 
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Fig. 8.1: Three valve arrangement to control the backwash rate during the backwash experiments. 
Calibration of backwash control valves 
The first step was the calibration of the backwash control valves V2 and V3. This 
was done before the experimental runs were carried out. The valves were 
calibrated when the sand bed was clean. 
• With the backwash running and valves V1 and V2 fully open, the valve 
V3 was pre-set to allow the flow rate required for standard backwash 
(see table 8.1). Once the required setting for valve V3 had been 
achieved, this was not altered for the entire set of experiments using 
that standard backwash. The position of the valve opening was also 
marked on the valve as a precaution against it being accidentally 
altered. The stable level of sand expansion at that backwash rate, 
following the initial surge, was also marked on the filter tube. 
• Next, with the backwash still running, the valve V2 was adjusted in 
stages to allow various backwash rates as required by the experimental 
program shown in Table 8.1. For each backwash rate, the level of sand 
expansion was recorded and marked on the filter tube. The backwash 
valve setting was also marked on the valve. This completed the 
calibration of the valves V2 and V3. 
Backwashing procedure 
The operation of the valves during the various stages of the back washing 
procedure was as follows: 
Standard backwash 
• With valve V3 pre-set, and valve V2 fully open, the backwash was 
started by opening valve V1. The filter was then backwashed for the 
duration required for the standard backwash. 
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• After the required duration, the backwash rate was altered to the rate 
required for the subsequent experimental backwash. This was done by 
adjusting valve V2 and observing the level of expansion of the sand in 
the filter columns. The correct backwash rate was reached when the 
expansion of sand was equal to the corresponding calibration marks on 
the filter column. It should be remembered that the calibration of 
valves was done when the sand was clean. This was also the case after 
the standard backwash therefore the calibration marks gave an 
accurate indication of the flow rate. It was important to set the flow 
rate for the subsequent backwash at the end of the standard backwash 
because it would not be possible·to adjust the flow rate at the start of 
the experimental backwash quickly enough so as not to affect 
significantly the overall backwash. This was especially the case with 
very short backwashes of 10, 20 and 30 seconds, whereas the 'error' 
introduced by adding a few seconds extra wash of a different rate to 
the end of a long (20min) backwash was likely to be very small. In 
practice it took only a few seconds to adjust valve V2 to the required 
backwash rate. Once valve V2 had been set, the backwash was 
terminated by closing valve VI. 
Experimental backwash 
• Control of flow rate during the experimental backwash was very 
simple. This was because both the control valves V2 and V3 had 
already been pre-set to provide the correct flow rate. Backwashing 
was therefore simply carried out by opening fully the 'ON /OFF' valve 
for the required duration and then closing it fully. 
The backwashing procedure has been described in some detail above. This was 
done in order to explain the practical problems encountered in controlling the 
backwash rates during very short back washes. 
8.4 Results 
In this section the results of the backwash experiments carried out have been 
presented. These results have then been compared to the results of experiments 
carried out by Johnson and Cleasby. To make the comparison easier, the method 
of analysis is similar to the one used by Johnson and Cleasby. Firstly, a 
description of the method of analysis is given. This is followed by the results of 
experiment set A. These are then compared with the results from Johnson and 
Cleasby (1966). Both sets of results are then analysed further, using a different 
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method of analysis. This revealed some shortcomings in the data obtained, and 
as a result further experiments (experiment set B) were carried out. The results 
of these experiments (set B) are presented and analysed next. Finally, a 
concluding discussion of the optimum backwashing procedure has been 
presented. 
8.4.1 Explanation of the methodology of analysis used by Johnson 
and Cleasby to investigate the effect of backwash on effluent 
quality 
In order to determine the effect of various backwash rates and durations, 
Johnson and Cleasby compared the effluent quality after backwash during the 
observation run with the effluent quality after backwash during the dirtying 
runs.l Since the observation run was preceded by an experimental backwash (of 
varying rates and durations) and the dirtyi.ng run was preceded by a standard 
backwash (of fixed rate and duration for all dirtying runs), and both the dirtying 
and the observation runs were carried out under similar experimental conditions, 
it was assumed that any difference in effluent quality between the observation 
run and the dirtying runs was likely to be due to the variation in backwash. 
Johnson and Cleasby calculated the accumulated difference between the 
turbidity during an observation run and the average turbidity during the 
dirtying runs. They called this the accumulative effluent turbidity deviation and 
in this thesis this has been abbreviated to as AETD. Fig. 8.2a below shows AETD 
as the shaded area between the turbidity curve for the observation run and the 
average turbidity curve for all the dirtying runs. The AETD, being an area, has 
the units of turbidity x time. Johnson and Cleasby plotted the AETD values 
against the time after backwash (see fig 8.2b below). Positive AETD values 
would be the result of the effluent turbidity being higher during the observation 
run than the average during the dirtying runs. This would indicate that the 
experimental backwash prior to that observation run was not as good as the 
backwash preceding the dirtying runs, which was the standard backwash. 
Conversely, a negative AETD value would indicate that the effluent turbidity 
during the observation run was lower than the average during the dirtying runs, 
indicating that the experimental backwash associated with the observation run 
was better than the standard backwash. If there were no difference between the 
effluent turbidity during the observation run and the average of the dirtying 
runs, then the AETD would be zero and would plot as a horizontal line. The 
horizontal line in fig. 8.2b therefore represents the backwash associated with all 
lSee section 8.3.1 above for a description of the experimental procedure used by Johnson and Cleasby. 
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the dirtying run, i.e. the standard backwash. AETD, therefore, can also be 
regarded as a measure of the effectiveness of the experimental backwash relative 
to the standard backwash. 
Observation run 
Time after backwash 
+ 
Accumulative effluent 
turbidity deviation (AETD) 
Units: turbidity x time 
Fig. 8.2a 
Fig. 8.2b 
~ 0 ~=:::::::::::=--__ .....!....__ 
< ~ 
Standard backwash 
Time after backwash 
Fig. 8.2a and 8.2b: Methodology of analysis for evaluating the effect of backwash. 
Definition of optimum backwash 
In this chapter an optimum backwash is defined as the combination of backwash 
rate and duration which produces the best effluent quality i.e. has the lowest 
AETD value. Similarly optimum backwash rate and optimum backwash 
duration are defined as backwash rates and durations which result in the lowest 
AETD values respectively. 
8.4.2 Results of experiment set A 
Table 8.1 above shows the backwash rates and durations investigated during 
experimental runs in experiment set A. 
Fig. 8.3 below shows the average effluent turbidity for all the dirtying runs in 
experiment set A. It was derived from the 'best-fit' effluent turbidity curves for 
each of the experimental runs in experiment set A. (A similar curve was also 
plotted for experiment set B.) Because the conditions at the start of a filtration 
run are not representative of the major part of the run, the results for the first 
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hour of the filtration run have been ignored in the preparation of fig. 8.3 and also 
in the subsequent analysis. 
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Fig. 8.3: Average effluent turbidity for all dirtying runs in experiment set A 
It can be seen from fig. 8.3 that: 
• The effluent turbidity was relatively stable for the duration of the runs 
at around 30NTU. Since the influent turbidity was kept between 80 
and 90NTU, with an average value in the mid 80s, this resulted in a 
removal efficiency of around 60% for the dirtying runs. This is in line 
with the removal efficiency value for a 60cm bed obtained during the 
investigation into the effect of bed depth (see fig. 7.2). The likely 
reason for the effluent turbidity (and as a result, the removal efficiency) 
being relatively constant was that the filtration runs were relatively 
short. They were stopped before the filter became too clogged and the 
effluent quality started to deteriorate. 
The results in fig. 8.3 were used to calculate the accumulative effluent turbidity 
deviation (AETD) for all the experimental runs in experiment set A, in 
accordance with the method explained in section 8.4.1 and fig. 8.2 above. Fig. 8.4 
below shows a plot of the AETD values for all the experimental runs in 
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experiment set A. In order to make the values on the graph more 'meaningful', 
the scale on the vertical axis has been adjusted by dividing the AEID values by 
24. Since the AETD is the product of turbidity x time, plotting the AEID on this 
scale means that the 'ordinate value' at 24 hours can be considered as equivalent 
to the average difference in turbidity between the dirtying run and the 
observation run over 24 hours, i.e. the duration of the run. For example, if the 
effluent turbidity is 2NTU higher throughout the observation run as compared to 
the corresponding dirtying run, the AETD ·value after 24 hours will be 48NTU-
hours and will plot as 2 units on the vertical scale. Therefore plotting the AETD 
in this manner provides a visual perception of the actual values. Fig. 8.4 shows 
that: 
• Both the backwash rate and the backwash duration have an effect on 
the AETD. Since the AETD is a measure of the effluent quality, this 
means that effluent quality is affected by a variation in either the 
backwash rate or the backwash duration. 
• Overall, the AEID (and consequently effluent quality) is more 
sensitive to a variation in the backwash rate than in the backwash 
duration. 
• Backwash duration: 
While, overall, an increase in backwash duration improves the effluent 
quality, the rate of improvement decreases as the backwash duration 
increases. This is shown by the AEID values in fig. 8.4, where the 
effect of increasing the backwash duration from 1 to 3 minutes is 
generally greater than when it is increased from 3 to 10 minutes. 
• Backwash rate: 
The effluent quality improves with an increase in backwash rate. 
However, there appears to be an optimum backwash rate beyond 
which the effluent quality deteriorates. This can be seen from the 
results of the 3 minute and 10 minute back washes. In both cases the 
AETD values for 28m/h and 37m/h are above the horizontal line 
(AETD=O), and for 41m/h they are below the line. It has been 
mentioned above that the horizontal line (AETD=O) represents the 
standard backwash associated with all the dirtying runs. The 
backwash rate associated with the standard backwash for experiment 
set A was 48m/h. This shows that a backwash rate of 41m/h 
produced a better quality effluent than a rate of 28m/h or 48m/h. In 
109 
other words, this indicates the existence of an optimum backwash rate 
of between 28m/h and 48m/h. 
In the case of the 1 minute backwash too, the effluent quality improves 
with the increase in backwash rate. This is again shown by a reduction 
in AETD values with the increase in backwash rate. However the 
AETD values are always positive for all three backwash rates i.e. 28, 37 
and 41m/h. In other words, the standard backwash of 48m/h 
produced a better effluent quality than the three experimental 
backwashes of 28, 37 and 41m/h. It is not therefore possible to 
determine the optimum backwash rate for 1 minute backwash from the 
available data. 
To summarise the above discussion, the results of experiment set A presented in 
fig. 8.4 show that both the backwash rate and the duration have an effect on the 
effluent quality. While the effluent quality improves with the increase in 
backwash duration, the rate of improvement decreases as the backwash duration 
increases. For each backwash duration there is likely to be an optimum 
backwash rate. In the case of the 3 and 10 minute backwashes, this appears to be 
between 28 and 48m/h. However, for the 1 minute backwash there is not 
sufficient data to get an estimate of the optimum backwash rate. Perhaps the 
most significant conclusion to be drawn from the above discussion is that it is 
possible to 'over-wash' the filters. 
It has been mentioned previously that the experiments described above were 
based on similar experiments carried out on downflow filtration by Johnson and 
Cleasby. In the section that follows the results of their experiments have been 
presented for comparison with the results of this study. 
8.4.3 Results of experiments carried out by Johnson and Cleasby 
(1966) 
Fig. 8.5 shows the results of experiments carried out by Johnson and Cleasby. As 
in the case of fig. 8.4 above, fig. 8.5 shows a plot of AETD values for various 
backwash rates and durations. It can be seen that, while the actual AETD values 
are different, the overall 'shapes' of some of the graphs in the two figures are 
similar. This is reflected in the conclusions drawn by Johnson and Cleasby, 
which were very similar to those presented for experiment set A. Some of 
Johnson and Cleasby's main conclusions were: 
• "There is a backwash rate which will produce an optimum filter 
effluent quality. The best backwash rate used in this study was 
16.7gpm/sq ft." (40.8m/h). 
110 
~ 
~ 
~ 
z 
0 
~ 
> w 
0 
>-
f-
0 
m 
o:_ 
:::l(f) 
f-0: 
:::l 
f-0 
ZI 
Wt 
:::lf-
_J-
LLZ 
LL2 
w 
w 
> ~ 
_J 
:::l ;;;: 
:::l 
u 
u 
<! 
+5 (a) 3 MINUTE BACKWASH 
0 11.1 gpm/sq fl 
A 13.9 gpm/sq If 
0 16.7 gpm/sq ft 
+4 ---STANDARD DEVIATION RANGE 
+3 
+2 
+I 
(b) 6 MINUTE BACKWASH 
0 11.1 gpm/sq ft 
A 13.9 gpm/sq fl 
o 16.7 gpm/sq ft 
--- STANDARD DEVIATION RANGE 
• 
(c) 12 MINUTE BACKWASH 
0 11.1 gpm/sq fl 
A 13.9 gpm/sq ft 
0 16.7 gpm/sq ft 
--- STANDARD DEVIATION RANGE 
-2~--~~--~~--~~--~--~~----~----~--~~~~~~~~---7,~--~~--~~--~~--~. 0 10 20 30 40 50,0 10 20 30 40· 50,0 10 20 30 40 50 
TIME AFTER BACKWASH (HOURS) 
Fig. 8. 5 : Effluent turbidity following backwash of various rates as compared with mean curve for all dirtying runs. (Reproduced from fig. 5, on page 225, 
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• "The best backwash duration is between 6 and 12 minutes at 
16.7gpm/sq ft." 
• "The sand bed can be expanded too much to take advantage of the 
maximum scour action of the sand grains in cleaning the filter bed." 
The first two conclusions listed above are consistent with the findings of this 
study. As regards the third conclusion, subsequent work carried out by Cleasby, 
as well as others, has shown that particle collisions in a fluidised bed are 
insignificant (Amirtharajah 1978). Consequently any scour action of the sand 
grains cannot be regarded as an important"cleaning mechanism. However 
research has also shown that the cleaning of a filter bed is largely due to the 
action of the hydrodynamic forces, and that these forces are at a maximum when 
the porosity of the bed is around 0.7 (Amirtharajah 1978). This is therefore 
consistent with Johnson and Cleasby's conclusion that a filter bed can be 
expanded too much for optimum cleaning. The effect of porosity has been 
discussed further in section 8.4.6 below. 
When comparing the results of Johnson & Cleasby's experiments to the results of 
the experiments carried out for this research, it is important to consider the 
experimental conditions for the two sets of experiments. The experimental 
conditions for Johnson & Cleasby's experiments were different in many 
important respects from the conditions for the experiments presented here. 
Table 8.2 below highlights the main differences in conditions between. the two 
sets of experiments. 
Table 8.2: Main differences between the experimental conditions of Johnson 
& Cleasby (1966) and experiment set A 
Johnson & Cleasby Experiment set A 
Direction of filtration Downflow Up flow 
Influent turbidity 4 -10JTU 80 -90NTU 
Filtration rate 10m/h 2.5 -3.0m/h 
Run length 72 hours 24 hours 
AETD compared after 50 hours 24 hours 
It can be seen from table 8.2 that the experiments by Johnson and Cleasby were 
carried out at a much lower influent turbidity and a higher filtration rate as 
compared to experiment set A. The net result of this was likely to be lower 
AETD values in the case of Johnson and Cleasby's experiments. 
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However, the relative magnitude of the AETD values for the two sets of 
experiments is not important. The significant fact is that both sets of results show 
that there is an optimum backwash rate which will produce the best effluent 
quality. In other words, it is possible to wash the filters too much. As far as this 
aspect of backwashing is concerned, both upflow and downflow filters perform 
in a similar manner. 
8.4.4 Further analysis of results of experiment set A and of results 
obtained by Johnson and Cleasby 
It has been shown above that for experiment set A the optimum backwash rate 
for 3 and 10 minute backwashes lay between 28 and 48m/h. An examination of 
Johnson and Cleasby's results (fig. 8.5) showed that the optimum backwash rate 
was likely to be between 34 and 49m/h. 
In order to determine a more precise value for the optimum backwash rate, 
further graphical analysis was carried out on the results of experiment set A (fig. 
8.4) and on Johnson and Cleasby's results (fig. 8.5). 
It was decided to compare the AETD values for various backwash rates and 
durations at a particular instant in time during the filtration run. Fig. 8.6a shows 
AETD values, after a 24 hour filter run, plotted against backwash rates for 
various backwash durations. These values have been derived from fig. 8.4 
above. A 'minimum' on this graph represents an optimum backwash in 
accordance with the definition given in section 8.4.1 above. It shows that: 
• For a 3 minute backwash the optimum backwash rate is 45m/h and 
for a 10 minute backwash the optimum backwash rate is 44m/h. This 
shows that increasing the backwash duration from 3 to 10 minutes has 
very little effect on the optimum backwash rate and is consistent with 
the earlier observation that effluent quality is more sensitive to the 
variation in backwash rate as compared to backwash duration. 
However both curves are drawn using very few data points and are 
relatively flat near the minimum. This makes it difficult to determine 
graphically the precise optimum backwash rate. It also shows that it 
may not be necessary to determine the optimum backwash rate 
precisely because small deviations from the optimum backwash rate 
have little effect on the effluent quality. 
• For a 1 minute backwash there is no 'minimum' in the AETD values. 
Therefore an optimum backwash rate could not be determined. It is, 
however, possible that an optimum rate for a 1 minute backwash exists 
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outside the backwash rates investigated. This could be established by 
carrying out further experiments at higher backwash rates. 
• It can be seen that parts of both the 3 minute and 10 minute curves 
between 41 and 48m/h have been shown as dotted. This is because 
there was no experimental result for either the 3 minute or 10 minute 
backwash at 48m/h. However, the reasons for extending the curves to 
include a rate of 48m/h on the graph were: 
48m/h was the backwash rate for the standard backwash which 
was of 20 minutes duration. The standard backwash had an 
AETD value of 0. 
Both the 3 minute and 10 minute backwashes at 41m/h 
produced a better effluent quality than the standard backwash 
at48m/h. 
The rate of improvement in effluent quality (rate of change in 
AETD) decreased with the increase in backwash duration. 
It was therefore reasonable to assume that, although there was no 
experimental data for the 3 and 10 minute backwashes at 48m/h, the 
results, especially in the case of a 10 minute wash, would not be very 
different from the results of a backwash of 20 minutes duration at 
48m/h, i.e. the standard backwash. Furthermore, because the standard 
backwash had, by definition, an AETD value of zero, this could also be 
assumed to be the value for both the 3 and 10 minute washes, hence 
the dotted lines between 41 and 48m/h. This argument, however, 
could not be reasonably applied to a 1 minute backwash because a 
minimum AETD was not reached at any stage during the experimental 
run. 
The graphical analysis described above was also carried out on the results of 
Johnson and Cleasby's experiments as shown in fig. 8.5. The results of this 
analysis are presented in fig. 8.6b. For reasons already discussed in the case of 
fig. 8.6a above, parts of the curves in fig 8.6b have also been shown as dotted 
lines. It shows that: 
• The optimum backwash rate for a 3 minute backwash is 42m/h, for a 6 
minute backwash is 40m/h and for a 12 minute backwash is 39m/h. 
The results of experiment set A and those of Johnson and Cleasby's experiments 
show that optimum backwash rate is not very sensitive to the variations in 
backwash duration. However in both cases relatively few data points were 
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available. It has been explained earlier that in order to determine an optimum 
graphically, an assumption had to be made concerning the experimental data. It 
was therefore decided to carry out further experiments (experiment set B) with 
the following objectives: 
o Obtain sufficient data so that the assumption refered to above, 
reasonable though it was, need not be made. 
o The backwash rates investigated in experiment set A were similar to 
the backwash rates investigated by Johnson and Cleasby. It was 
dedded to investigate a much wider range of backwash rates in order 
to obtain sufficient, well spread, ·data points to make the determination 
of an optimum backwash easier. 
o The results presented above show that although the effluent quality is 
quite sensitive to variations in short backwash durations, increasing 
the backwash duration beyond 3 minutes has very little effect on 
effluent quality. It was therefore decided to concentrate on shorter 
.·backwash durations in the next set of experiments. 
o Investigate a standard backwash of higher rate and shorter duration as 
compared to that used in experiment set A. 
8.4.5 Results of experiment set B 
It can be seen from table 8.1 that the backwash rates and durations investigated 
during the experimental runs in experiment set B were: 
o Backwash rate: 22, 45, 70 and lOOm/h. 
o Backwash duration: 10 seconds, 20 seconds, 30 seconds, 1 minute and 
4 minutes. 
o Standard backwash: 115m/h for 10 minutes. 
The results of these experiments were also analysed using the method of analysis 
described in section 8.4.1 above. Figs. 8.7a and b show a plot of AETD versus 
time after backwash for various backwash rates and durations. It shows that: 
o The results of these experiments give an overall picture similar to that 
for the results of experiment set A (fig. 8.4) and of Johnson and 
Cleasby's experiments (fig. 8.5). 
o For the 30 second, 1 minute and 4 minute back washes there appears to 
be an optimum backwash rate. This is shown by the fact that for these 
durations the AETD curves for some backwash rates are above the 
horizontal line and for other rates are below the line. 
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• For the 10 and 20 second backwashes, the AETD values are positive for 
all backwash rates investigated. It is not therefore possible to 
determine an optimum backwash rate, although it is likely that an 
optimum rate exists outside the range of backwash rates investigated. 
As was the case with experiment set A above (fig. 8.6a), AETD values 24 hours 
after the backwash were plotted against backwash rates in order to determine the 
optimum backwash rate. Fig. 8.8 shows that: 
• In the case of 4 minute backwash, there is a fairly well defined 
minimum on the curve, indicating an optimum backwash rate at about 
75m/h. 
• In the case of a 1 minute backwash, there still appears to be minimum, 
although the curve is very flat around the minimum, making it very 
difficult to be sure of the minimum. The best that can be said is that 
the minimum lies some where between 70 and 90m/h 
• For the 30 second backwash, the AETD curve does not reach a 
minimum. In order to determine the optimum backwash, an 
assumption similar to that in the· case of fig, 8.6a and 8.6b had to be 
made. The assumed part of the curve has been shown as dotted line. 
• In the case of 10 and 20 second backwashes, the AETD curves are 
always positive and consequently always producing effluent quality 
worse than the standard backwash. For reasons given earlier, it is not 
possible to determine the an optimum backwash rate for either of 
these backwash durations. 
The above results show that there is an optimum backwash rate for 30 seconds, 1 
minute and 4 minutes backwash durations. However the AETD curves are 
generally very flat near the minimum making it difficult to make a precise 
estimate of the optimum. However due to the flatness of the curves, it may not 
be necessary to determine the optimum precisely because small variations from 
the optimum not would have a big effect on effluent quality. 
Volume of water used in backwashing 
Another criterion for determining the optimum backwash is the total amount of 
water used in the backwashing. In fig. 8.9, AETD values 24 hours after the 
backwash have been plotted against the volume of wash water used for 
backwashing. A minimum on this graph represents the volume of wash water 
which produces the best effluent quality. Fig. 8.9 shows that: 
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• The minimum AETD value is -2.5. This occurs during a 4 minute 
backwash when the backwash volume is about 14 litres. Therefore the 
backwash which produces the best effluent quality is a 4 minute 
backwash which uses approximately 14litres of water. The backwash 
rate works out to be about 75m/h. 
• However, fig. 8.9 also shows that the minimum AETD value for a 30 
second backwash is -1.7, and this occurs when the backwash volume is 
2.2litres. This corresponds to a backwash rate of lOOm/h. This 
indicates that a 30 second backwash at 100m/h results in almost as 
good an effluent quality as a 4 minute backwash at 75m/h, but uses 
only about 1/6th of the amount of water. 
The above observations clearly demonstrate the benefits of short, high rate 
backwashes. 
Effect of backwash duration on effluent quality 
Another way of demonstrating the effectiveness of short backwashes is to 
investigate the effect of backwash duration on effluent quality. Fig. 8.10 below 
shows a plot of AETD values 24 hours after the backwash versus the backwash 
duration for different backwash rates. It shows that: 
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• The slopes of the AETD curves are quite steep up to about 1 minute, 
but are relatively flat after that point. This implies that increasing the 
backwash duration beyond 1 minute is of very little benefit, and in the 
case of the 4 minute wash at 100m/h the effluent quality actually 
appears to deteriorate. 
The above observation is consistent with earlier observation that for short 
backwashes the effluent quality improves with backwash duration. However the 
rate of improvement decreases with ·an increase in the backwash duration. 
8.4.6 Effect of Porosity 
It has been well documented in literature that the cleaning of a sand bed is 
dependent upon the hydrodynamic forces in a sand bed and that these forces are 
at a maximum when the porosity of the bed is around 0.7. Therefore it has been 
suggested that the optimum cleaning of a sand bed takes place when the porosity 
is around 0.7. There is considerable experimental evidence which supports this 
hypothesis (Amirtharajah 1978). It was therefore decided to investigate the 
porosity of the sand bed during these experiments and to see how the porosity at 
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optimum backwash rates compares to the 0.7 porosity for optimum cleaning as 
stated in the literature. 
No porosity measurements were made during the experimental programme. 
Therefore, in order to estimate the porosity at the optimum backwash rate, an 
assumption had to be made about the initial fixed bed porosity. Fair et a! (1968) 
suggested the following typical porosities associated with granular materials 
used in rapid sand filter beds: 
Description of media Typical porosity 
Rounded 0.38 
Worn 0.39 
Sharp 0.40 
Angular 0.43 
On the basis of the above figures it was decided to assume a value of 0.40 as the 
initial bed porosity for experiment sets A and B. In the case of Johnson and 
Cleasby's experiments it was assumed that, since the sand had been in use for 
several years, it was likely to be worn and possibly rounded. Therefore a 
porosity value of 0.38 was assumed for the sand bed in these experiments. 
Table 8.3 below shows the expansion of the sand bed and an estimate of fluidised 
bed porosity at the optimum backwash rates. 
Table 8.3 shows that: 
• In all the experiments the estimated fluidised bed porosity at optimum 
backwash rate is much lower than 0.7. 
• The results of experiment set A and of Johnson and Cleasby's 
experiments are very similar. They show similar values of optimum 
backwash rate, sand expansion and fluidised bed porosity. 
Table 8.3: Expansion of sand bed and estimated porosity at optimum 
backwash rates. 
Experiment Optimum Expansion of Estimate of Bed Depth 
backwash sand bed(%) fluidised bed (cm) 
. rate (m/h) porosity 
SetA 45 21 0.50 60 
SetB 75 44 0.58 60 
Johnson & Cleasby 41 17 0.49 69 
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• The results of experiment set B show higher values of optimum 
backwash rate, sand expansion ~nd fluidised bed porosity as 
compared to experiment set A and the experiments of Johnson and 
Cleasby. The estimated fluidised bed porosity for experiment set B is 
0.58. Although this is a higher value than for both experiment set A 
and the experiments of Johnson and Cleasby, it is still lower than 0.7, 
which is the value of porosity suggested in the literature for optimum 
cleaning. 
Possible explanations for the estimated fluidised bed porosity at optimum 
backwash rate being lower than the porosity at which optimum cleaning takes 
place are: 
• It has been suggested in the literature that the optimum expanded bed 
porosity occurs when the hydrodynamic shear is at a maximum. It has 
also been suggested that this maximum also occurs on a flat theoretical 
curve. This implies that the determination of the optimum condition 
would be difficult and also that variations from the optimum may not 
significantly affect the cleaning (Amirtharajah 1978). There is some 
evidence from the results of these experiments which supports this. It 
has been discussed in section 8.4.5 above that in the case of experiment 
set Bit was difficult to determine the optimum backwash due to the 
flatness of the curve around the minimum. To this can be added he 
error due to drawing a curve through very few data points and also 
error in estimating the porosity. It is possible that the combined error 
could account for the difference in the estimated porosity and the 
predicted porosity for best cleaning (0.7 approximately). However, the 
difference between the two is very large, especially in the case of the 
results of experiment set A and those of Johnson & Cleasby, and it is 
unlikely that estimating error can account for it all. 
• An alternative explanation could be that although optimum cleaning 
occurs at an expanded porosity of around 0.7, the cleanest bed may not 
necessarily produce the best effluent quality. This has already been 
suggested in chapter 5, where maturation was observed in the filter 
washed with raw water. It was suggested that one possible 
explanation of this was that washing with raw water leaves the bed 
slightly 'dirty' and that this results in an improved filter performance. 
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8.4.7 Analysis of backwash transit times and minimum backwash 
durations 
The results and analysis presented above show the advantage of short backwash 
durations. However, the results of experiment set B also show that very short 
duration backwashes of 10 and 20 seconds do not produce good quality effluent. 
Two questions therefore arise: 
• Why is this so? 
• What should the minimum length of backwash be? 
One possible answer to the second question could be: 
• The minimum length of the backwash should be long enough to allow 
at least some of the backwash water to travel completely through the 
bed so that deposits removed immediately from the lowest part of the 
bed are lifted clear of the bed before washing ceases. 
It was decided to test the above hypothesis against the actual experimental 
results. The time taken for an element of backwash water to travel through the 
filter bed was calculated. This has been referred to as the 'transit time'. The 
transit time will vary depending on the state of the filter bed. 
• A packed2 bed has the lowest porosity and consequently the highest 
interstitial velocity. This would result in the shortest transit time. This 
is likely to be the condition of the bed at the start of the backwash. 
• Conversely, a fully expanded bed has the highest porosity and greatest 
depth, resulting in the lowest interstitial velocity and the longest 
transit time. This condition is likely to occur when a bed is fully 
fluidised during a backwash. 
The actual transit time is likely to be somewhere between these two limits. 
The transit times, at various backwash rates, were calculated for a packed bed 
and a fully expanded bed. These times include the transit time through the 
graveJ3 at the base of the filters. The calculations for the transit times are shown 
in appendix A8.1. Fig. 8.11 below shows a plot of transit times versus backwash 
rates. 
It can be seen that at the highest backwash rate of 100m/h: 
2A packed bed means a fixed or unnuidised bed. 
3The gravel bed was never nuidised and the porosity of the gravel bed was assumed to be that of a 
packed sand bed. Therefore the transit time of the gravel bed was calculated on the same basis as that of 
a packed sand bed. 
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• The transit time varies between a minimum of 14 seconds for a packed 
bed and a maximum of 28 seconds for an expanded bed. 
This shows that even at 100m/h a 10 second backwash is not long enough for the 
backwash water to transport the deposits from the base of the filter to the top of 
the sand. Even a 20 second wash, which is barely enough in the case of a packed 
bed, is not long enough when the bed is fully fluidised. In other words both 10 
and 20 second washes are unlikely to wash the deposits out of the filter and 
therefore are inadequate. This is consistent with the experimental results shown 
in fig. 8.6, which shows that in the case of 10 and 20 second wash the AETD value 
in all cases above the line. 
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Fig. 8.11: Transit time versus backwash rate: Theoretical calculations were made of transit times at 22, 
45, 70 and 100m/h and these were then joined with smooth curves to interpret the in between values 
Fig. 8.11 also shows that: 
• Transit time at the slowest backwash rate of 22m/h varies between 65 
and 75 seconds. 
Therefore at this backwash rate a wash of more than 1 minute duration is likely 
to be required. 
It has been shown above that in the case of experiment set B, that where an 
optimum backwash rate could be determined, it was likely to be in the range 70 
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and 90m/h. Within this range the optimum backwash rate of 70m/h will have 
the longest transit time and therefore it is reasonable to use this time as a basis 
for calculating the minimum duration of backwash necessary. 
Fig. 8.11 shows that at 70m/h: 
• The transit time is between 25 and 35 seconds. 
This shows that a 30 second wash is about the minimum. However, including a 
certain factor of safety, a 1 minute backwash is preferable. 
On the basis of above discussion a 1 minute backwash at 70m/h is 
recommended. This is consistent with earlier recommendations in section 8.4.5. 
8.4.8 Some disadvantages of short, high-rate backwashes 
The general conclusion from the results and analysis presented is that overall a 
'short-sharp' backwash, i.e. a high backwash rate and short duration, is 
preferable to a long slow one. There are, however, some disadvantages in using 
short-sharp backwashes. Some of these are presented below: 
• High backwash rates result in bigger expansion of the sand bed. This 
would require deeper filter boxes to accommodate the expansion of 
sand, which in turn means more cost. 
• Accommodating for a large expansion also implies that there is a large 
volume between the top of the sand bed and the backwash outlet. This 
means that after a backwash this space would be filled with large 
volume of deposit laden wash water which would need time to be 
removed and hence there would be a delay before the filter can be put 
back into service, and a larger volume of water would be wasted. 
• One consequence of a short backwash is that volume of wash water is 
small. This could mean that there is not enough wash water to flush 
the deposits out of the filter unit. If these deposits are not removed 
they can settle back on top of the sand bed and cause operational 
problems. The problems associated with a short backwash have been 
investigated in chapter 9. 
Interesting observation 
It is interesting to note that the optimum backwash rates for experiment set A 
and set B are so different. The reasons for this are not clear. It is possible that 
this could be due to the maximum backwash rates, and standard backwash rates 
being so different in the two experiments. 
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8.5 Conclusions 
The experimental results and analysis presented in this chapter lead to the 
following conclusions: 
• Backwash rate and the duration of the backwash both have an effect on 
the effluent quality. 
• The present results agree with Johnson and Cleasby's (1966) conclusion 
that there is an optimum backwash rate corresponding to a particular 
backwash duration. 
• However the results of this study as well as Johnson & Cleasby's 
experiments show that the optimum backwash rate is not very 
sensitive to variations in the backwash duration. Even large variations 
in the backwash duration have very little effect on the optimum 
backwash rate and on effluent quality. 
• Analysis of porosity shows that at the optimum backwash rate, the 
expanded bed porosity was lower than 0.7 suggested in the literature 
for optimum cleaning. Possible explanations suggested are: 
Error due to difficulty in determining the optimum backwash 
rate. 
The backwash which produces the cleanest filter bed is not 
necessarily the backwash which produces the best effluent 
quality. It is possible that a slightly dirty bed performs better 
than a completely clean bed. 
• Analysis of the volume of backwash water shows the advantage of 
short back washes. A 1 minute backwash at the rate of 100m/h 
produces effluent of almost as good a quality as a 4 minute backwash 
at the rate of 70 m/h, but uses about 1 I 4 the volume of water. 
• This is also confirmed by the analysis of the effect of backwash 
duration. It shows that for all backwash rates although the effluent 
quality initially improves with the increase in backwash duration 
when the duration is small, the rate of improvement decreases, as the 
duration gets longer. 
• Analysis of transit times in the filter bed reveal that very short 
backwashes of 20 seconds or less are shorter than the minimum transit 
time for the bed. This means that no element of backwash water has 
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enough time to transport the deposits through the filter bed, from 
bottom to top. 
The above analysis points the way towards using short, high-rate back washes. 
However there are practical problems in the use of very short backwashes and 
these need to be taken into account. On the basis of the above conclusions, the 
use of a backwash of around 70m/h with a backwash duration of 1 minute is 
recommended. 
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Chapter 9 
MAIN EXPERIMENTS (PART 3): EFFECT OF BACKWASH ON EFFLUENT 
QUALITY: LONG TERM EXPERIMENTS 
9.1 Introduction 
In chapter 8 the effect of the backwash on effluent quality has been investigated, 
and the results of the experiments have demonstrated the benefits of using short, 
high-rate backwashes. However, it has also been mentioned that there could be 
practical problems associated with backwashes of very short duration. Some of 
these problems have been investigated in this chapter. 
The four stage experimental procedure used in chapter 8 produces very useful 
results but has certain limitations. It has been explained in chapter 8 that, at the 
start of each experimental run, the filter bed is cleaned using the standard 
backwash and then clogged during the subsequent dirtying run. The object of 
this is to ensure that the filter bed is in the same condition prior to each 
experimental backwash and subsequent observation run. However, this would 
not be the procedure followed in an actual filtration plant, where there would be 
no standard backwash followed by a standard dirtying run, and the filters would 
normally be washed using one particular backwash rate and duration over a long 
period of time. This means that the filter beds would not necessarily be in the 
same condition at the start of each filtration run. Furthermore, the condition of 
the filter beds and the quality of the effluent produced may change over a period 
of time. 
The results obtained in chapter 8 do not provide information on the long term 
effect of a particular backwash and therefore the question arises: 
• What is the effect of repeating backwashes, in particular short duration 
backwashes, over a long period? 
It has also been mentioned earlier that one of the benefits of upflow filtration is 
its simplicity of design if a raw water backwash is used. The results presented in 
chapter 5 show some evidence of maturation taking place in filters washed with 
raw water. This is shown by the improvement in effluent quality over time 
exhibited by the filter washed with raw water and po11utedl raw water relative to 
1 Raw water with bacteria, in the form of settled sewage, added. 
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the filter washed with clean tap water. Ho:wever, the maturation was in the early 
stages and the duration of the tests (5 -10 days) was not long enough to be sure of 
this effect. Evidence from experiments carried out on HRF in chapter 6 shows 
that maturation is a long term process and develops over a period of months 
rather than days. Therefore tests of much longer duration needed to be carried 
out to confirm this effect. 
The object of these experiments was to: 
• Investigate the long term effects on filter performance of backwash 
duration and of variations in backwash water quality. 
9.2 Apparatus 
The apparatus used for these experiments was mainly the same as that used for 
the experiments in chapters 7 and 8, and has been described in section 7.2. The 
modifications to the apparatus have been described below. 
9.2.1 Raw water backwash 
It has been mentioned above that one of the objects of these experiments was to 
investigate the effect of raw water backwash. The apparatus was originally 
designed with this being an option, and therefore the conversion of the apparatus 
from clean water backwash to raw water backwash was a simple matter of 
altering some of the pipe connections shown in fig. 7.1. The apparatus modified 
for raw water backwash is shown in fig. 9.1. 
9.2.2 Automatic backwashing system 
It has also been mentioned in chapter 7 that another option for future 
development of the apparatus was the installation of an automatic backwashing 
system. The reasons for this have been discussed in section 7.2. 
The design criteria for the automatic backwashing system were: 
• The system should monitor each filter independently and 
automatically wash the filter when a particular head loss was reached. 
• The system should be able to provide precise control over the duration 
of the backwashes, so that a backwash of exactly the same duration 
could be repeated many times over a long period. 
• It should record the time and the number of backwashes carried out 
for each filter. 
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Fig. 9.1: Overall layout of the apparatus used during the 
experiments in chapter 9 
(pipe connections shown are for raw water backwash) 
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• It should wash only one filter at a time. If more than one filter needed 
to be back washed, then the system should wash the filters in the same 
order as they became due to be washed. It has been explained earlier 
that, in order to make it easier to produce uniform backwashes and to 
limit the number of variables, all filters in this study were backwashed 
using a constant head of water. This was done by ensuring that there 
was always water flowing from the overflow in the backwash tank. If 
more than one filter was backwashed at one time, it was possible that 
the water level in the backwash tank could drop below the overflow 
level, thereby reducing the head of water available for backwashing. 
Fig. 9.2 below shows a schematic diagram of the automatic back washing system 
· used. It consisted of 4 probes to detect the ·water level, an electronic 'black box' 
valve controller, a BBC computer and 4 solenoid valves. The function of each of 
these components has been described below: 
Signal from the 
~ 
probes placed 
in the peizometer 
tubes 
BBC computer .., ... 'Black box' valve 
controller 
~ Signal to control the solenoid 
valves 
Fig. 9.2: Schematic diagram showing the main components of the automatic backwashing system 
• Water level detector probes 
The water level detector probes were placed in the piezometer tubes 
used to measure the head loss in each filter. As the head loss in the 
filter increased, the water level in the piezometer tubes also rose 
correspondingly until it reached the level of the probes. The probes 
detected the water level and then sent a signal to the electronic 'black 
box' valve controller. The electronic 'black box' would then relay the 
signal to the BBC computer, which in turn sent a signal back to the 
valve controller to open the valves in accordance with the instructions 
in the valve control programme. The design of the probes posed 
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several practical problems. The design requirements were that the 
probes should: 
Be inert in water, and should not corrode easily while 
submerged during a backwash. The corrosion was quite a 
problem, as most wires tried in the construction of the probes 
tended to corrode rapidly when they were submerged and had 
an electric current passing through them. Of the wires tried, the 
stainless steel wires proved to be most resistant to corrosion. 
Be sensitive and react quickly when in contact with water. 
Be physically small enough to be easily lowered down the 
peizometer tubes, which had an inner diameter of about 10mm. 
Connected to 
2 core insulated 
electrical wire 
Rubber 
bung 
Stainless steel 
wires 
Electrical insulation 
(bath sealant) 
Fig. 9.3: Water level detector probe. The detector wires were of uneven lengths in order to ensure that, 
after being submerged during a backwash, any droplets of water held by surface tension between the wires 
could not accidentally trigger another backwash. 
• Electronic 'black box' valve controller 
The function of the electronic valve controller was to monitor the 
signal from the probes, and to relay the signal to the BBC computer. It 
would then receive 'instructions' from the BBC computer to open the 
valves for a particular duration. The valve controller was designed 
and constructed by Dr. M.A. Rahin2. Technical details concerning the 
design and operation of the valve controller have been given in 
Appendix A9.1. 
2 Dr. M.A. Rahin was at the time a research student in the Department of Electrical and Electronic 
Engineering, LUT. He is currently a research fellow with the School of Computer Studies, University of 
Leeds. 
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• Computer programme to control the valves 
It has been mentioned above that the function of the BBC computer 
was to 'instruct' the valve controller to operate the valves in a pre-
defined manner. The computer programme to control the valves was 
written, using BBC BASIC programming language, by Mr. D.G. 
Houghton.3 A listing of the computer programme and an example of 
the output generated is given in Appendix A9.2. 
• Solenoid valves 
These were 12 volts 'normally closed' solenoid valves. This meant that 
in normal operation the valves would be closed but would open when 
subjected to 12 volts DC. 
Testing of the automatic backwashing system 
The automatic back washing system was tested to determine whether it 
consistently produced uniform back washes over a long period. This was done 
by carrying out a special experimental run consisting of a series of 15 second 
backwashes. Since the object of this experiment was to demonstrate the 
uniformity of the backwashes, it was decided to keep the filtration run length 
very short in order to achieve a large number of backwashes in a given time. 
This was achieved by setting the water level detector probes in the piezometer 
tubes at a very low level, so that the backwash would be triggered after only a 
small head loss had built up in the filters. 
Fig. 9.4 below shows the results of these experiments. It shows a graph of the 
total duration of the experimental run against the number of backwashes. It can 
be seen from the graph that a straight line fits the data very well. This shows that 
the time interval between each backwash is the same. Since each backwash was 
carried out after the same head loss had built up in the filter, the constant interval 
between each backwash implies that the condition of the bed after each 
backwash was the same, so that in each case it took the same amount of time to 
achieve a particular head loss. This indicates the consistency and uniformity of 
the backwash in each case. 
3Mr. D.G. Houghton is a computer technician with the Department of Civil Engineering, LUT. 
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Fig. 9.4: Experiment to demonstrate the capacity of the automatic backwashing system to produce 
consistently uniform backwashes. 
9.2.3 Re-designed filter base 
It was observed during a filtration run that, shortly after a backwash had taken 
place, a 'pulse' of very high turbidity water seemed to be released from the filter 
bed. It then appeared to travel at a steady rate up the filter column towards the 
effluent outlet, dispersing as it rose. Further observations revealed that this was 
happening consistently after every backwash. Figs. 9.5a and 9.5b below show the 
observations taken after backwashing during one such filter run. In this 
experiment the duration of the backwash was 4 minutes and clean tap water was 
used to backwash. 
It can be seen from fig. 9.5b that: 
• The turbidity pulse takes about 6 minutes after the backwash to arrive 
at the sampling point 3cm above the top of the sand bed. This transit 
time suggests that the origin of this turbidity is somewhere near the 
bottom of the filter. 
137 
120 
Filtrate outlet level 
100 (92cm above the top of the sand bed) 
80 Fig. 9.5a 
,;-
., 
~ 60 
5 
" ffi 40 
20 
o+---~~--~--~~~~--~--~~---, 
0 20 40 60 80 100 
Time after backwash (minutes) 
• 
120 
100 
~ 3cm above the sand 80 
~ 
,;-
., Fig. 9.5b 
:0 60 ~ 
.E 
'E 
~ 
.= 40 :::: 
... 
20 
0+-~--~~--.-~-.,-~-.--~~--~-. 
0 10 20 30 40 so 60 
Time after backwash (minutes) 
Figs. 9.5a and 9.5u: High turbidity pulse immediately after a backwash. It can be seen from fig. 9.5b 
that the pulse of high turbidity appears at the top of the sand bed about 6 minutes after the backwash, 
indicating that it originated from near the base of the filter. 
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• It can also be seen from fig. 9.5b that the effluent turbidity between 0 
and 5 minutes after backwash is about 10NTU. This represents the 
turbidity of the backwash water. Between 15 and 55 minutes the 
effluent turbidity is about 40NTU. This represents the filtered water. 
Between 5 and 15 minutes after backwash the short high turbidity 
pulse occurs. It appears to have a very well defined maximum at 
around 10 minutes. This indicates that the source of the turbidity is 
small and possibly very localised. 
• Fig. 9.5a also tells a similar story. It can be seen that the pulse arrives 
at the filter outlet after about 30 minutes. As was the case with fig. 9.5b 
above, the peak value is just over 100NTU. However, unlike fig. 9.5b, 
the graph has a long, gradually falling 'tail'. This indicates that the 
pulse has dispersed as it travelled up the filter column. As a result 
there would be a large volume of highly turbid water above the sand 
bed, which would take a long time to flush away. This in turn would 
affect the volume of water wasted before the filter could be put back 
into operation. 
In order to identify more precisely the source of this turbidity, further 
experiments were carried out. Turbidity measurements were made on samples 
taken from sampling probes placed in the base of the filters and at the junction of 
the sand and gravel. The results showed time Jag in the pulse arriving at the 
sand/gravel junction, which suggested that the source of the high turbidity was 
the base of the filter 
It was possible that the turbidity was coming from a 'dead zone' in the base of the 
filter, where high flows during the backwashing caused eddies to be formed, 
trapping the fluid. The fluid was only released from this zone once the backwash 
had stopped and normal flow had resumed. This could explain the low turbidity 
wash water appearing before the high turbidity pulse. This was likely to affect 
the calculations for the effectiveness of various backwash durations by affecting 
the time when a filter could be put back into operation. It was, therefore, decided 
to re-design the filter base in order to rectify this problem (fig. 9.6). The principal 
design criterion for the new filter base was: 
• The flow through the base should be as streamlined as possible, both 
during backwashing and during normal filtration. It was thought that this 
would prevent the formation of 'dead zones' of circulation, thus reducing the 
possibility of high turbidity pulses. 
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Fig. 9.6 above shows the new filter base designed on the basis of the above 
requirements. 
The new filter base was installed in filter columns 2 and 3. Filter column 4 was 
left with the old base. This was done for two reasons: 
• Firstly, this would provide a comparison of the effectiveness of the 
new filter base against the old base. 
• Secondly, having one filter with the old base provided a means of 
comparing and 'tying in' the results obtained in previous experiments 
using the old base with the results of experiments using the new filter 
base. 
A further filtration run was carried out to determine the effectiveness of the new 
filter base as compared to the old base. Fig. 9.7 below shows the results of this 
experiment: 
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Fig. 9.7: Comparison of the new and old filter bases. It can be seen that the plots for the old and new filter 
bases are very similar, showing that the installation of the new filter base did not significantly affect the 
filter performance. 
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This shows a plot of effluent turbidity against time after backwash. It can be seen 
that in the case of the old filter base there is a peak between 16 and 19 minutes, 
which is absent in the case of the new base, showing that the new filter base has 
had some effect. Overall, however, the plots for the old base and the new base 
are very similar. This indicates that the installation of the new filter base did not 
significantly affect the filter performance. It also shows that the results obtained 
with the old filter base would be comparable to those obtained with the new 
filter base. 
9.3 Method 
9.3.1 Experiments carried out 
Three sets of experiments were carried out. In the first set the filters were 
backwashed using clean tap water (CWB), in the second set the filters were 
washed using raw water (RWB) and in the third set polluted raw water was used 
to backwash the filters (PWB) Table 9.1 below shows the details of the 
experiments carried out. 
Table 9.1: Summary of experiments carried out 
Experiment Backwash 
set duration 
(mins. & secs.) 
CWB 15 sec, 1minute 
&4minutes 
RWB 1 minute & 
4minutes 
PWB 1 minute & 
4minutes 
9.3.2 Backwashing procedure 
Manual backwash 
Run 
length 
(days) 
42 
34 
42 
Backwash Influent 
type turbidity 
(NTU) 
Manual 80-90 
Automatic 80-90 
Automatic 120-130 
It can be seen from table 9.1 above that, in the case of the experimental runs using 
clean water backwash, manual backwashing was used. This was because during 
this time the automatic backwashing system was still being developed. The 
procedure for manual backwashing was similar to the procedure for 
backwashing described in section 7.2. 
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At the start of the test it was decided to wash the filters when the head loss had 
reached 48cm4. However, it was found that generally the removal efficiency of 
the filters dropped considerably around this head loss. Therefore in the later 
stages of the test, the filters were washed when the head loss was around 30cm.s 
It has been explained earlier that one of the difficulties with manual backwash in 
long term tests was that the filters could only be washed during working hours. 
It was therefore not always possible to wash the filters at a particular head loss 
since this could happen at any time during the day or night. It was mainly for 
this reason that the automatic backwashing system was installed. 
Automatic backwash 
The procedure for automatic backwashing was very similar to the procedure for 
manual backwashing. The main difference was that the manual backwash 'ON I 
OFF' valve was replaced with a solenoid valve. Fig. 9.8 below shows the valves' 
layout and their function in the automatic backwashing system. 
Experimental 
backwash 
control valve 
V3 
To filters 
Solenoid valve 
used as an 
'ON/OFF' 
valve for the 
automatic wash 
V2 
T 
Manual back-up 
backwash 
'ON/OFF' 
valve 
V1 
From backwash 
tank 
Fig. 9.8: Three valve arrangement to control the automatic backwash 
It can be seen from fig. 9.8 above that a three valve arrangement had been used to 
control the automatic backwash. The function and operation of the valves V2 
and V3 was similar to that described in section 7.3. Valve V3 was used to control 
the backwash rate and was pre-set to provide the required backwash rate. The 
solenoid valve was used to start and stop the backwash. It was normally closed, 
and was only opened, for a pre-set duration, when the probes detected water in 
the peizometer tubes. The valve Vl was placed as a back-up valve, to be used in 
case there were any problems with the solenoid valve. 
448cm was chosen because it was approximately 75% of the theoretical head loss at which the sand bed 
would become fluidised. (This has been explained further later in this chapter.) 
5 Approximately 50% of the theoretical fluidisation head. 
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Level of probes placed in the piezometer tubes 
The results of the experiments with CWB show that the removal efficiency 
tended to drop when the head loss in the filters increased beyond 30cm. 
Therefore in all the experiments with automatic backwash the probes were 
placed in the peizometer tubes at such a level that a backwash would be 
triggered when the head loss in the filters was 30cm. This meant that the probes 
were placed 30cm above the level of the filter outlet. 
9.4 Results 
The results of the long term experiments described in section 9.3.1 have been 
presented in the following section. Firstly the results of the experiment set using 
clean water backwash (CWB) have been presented and discussed in detail. These 
are followed by the main results from the experiment sets using raw water 
backwash (RWB) and polluted water backwash (PWB). 
9.4.1 Experiments with clean water backwash (CWB) 
It can be seen from table 9.1 above that the experimental run using clean water 
backwash was carried out over 42 days. Three filters, numbers 2, 3 and 4 were 
run in parallel during this experiment. The duration of each backwash for filter 
number 2 was 15 seconds, for filter number 3 was 1 minute and for filter number 
4 was 4 minutes. Filter number 2 (15 second backwash) and filter number 3 (1 
minute backwash) were started on day one, and filter number 4 (4 minute 
backwash) was started on day 16 of the experiment. 
Fig. 9.9 below shows plots of turbidity removal efficiency and head loss build-up 
against time during this experiment. It can be seen that the graphs are plotted in 
two halves. The top two plots show the head loss and turbidity removal values 
up to day 22 of the experiment, and the bottom two plots show the data from day 
22 to the end of the experiment on day 42. It can be seen that: 
• The removal efficiency is around 70% for all three filters for most of the 
run. This shows that: 
There is little difference in filter performance in terms of 
removal efficiency between a 15 second, 1 minute and 4 minute 
backwash. 
There is no evidence of any maturation taking place, because on the 
whole the removal efficiency remains the same throughout this test. 
• The rate of head loss increase is approximately the same for all three 
filters. This is shown by the fact that the slopes of the head loss lines 
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for all three filters are roughly parallel throughout the duration of the 
experiment. This again shows that increasing the backwash duration 
from 15 seconds to 4 minutes has very little effect on the filter 
performance in terms of increase in head loss. 
• It has been mentioned above that, at the beginning of the experimental 
run, it was decided to backwash the filters when the head loss reached 
80% of the theoretical fluidisation head. For a bed depth of 60cm, this 
was approximately equivalent to a head loss of 48cm. For this reason 
the first backwash was carried out after 13 days when the head loss 
had reached 48cm. It can be seen that at this head loss the removal 
efficiency for both filters had dropped to around 10%. It can also be 
seen that, during this first backwash cycle, the removal efficiency was 
relatively constant for the first nine days. The head loss after nine days 
was approximately 30cm. Between day 9 and the first backwash on 
day 13, there was a fairly dramatic drop in removal efficiency. This 
shows that there was not much benefit in very long filter runs, in 
which head loss was allowed to approach the fluidisation head, since 
the removal efficiency was sharply reduced before this happened. 
• An apparent anomaly in the results 
It can be seen that shortly before day 24 the head loss in filter number 2 
was about 45cm. For reasons discussed the expected removal 
efficiency at this head loss would have been very low. However it can 
be seen that there was no reduction in removal efficiency, which 
remained high at about 70%. A possible explanation for this apparent 
anomaly could be the special circumstances of the 15 second backwash. 
The 15 second backwash was so short that there was not enough time 
for the deposits to be removed and flushed away before the backwash 
was terminated. During the filtration run these deposits would settle 
on top of the sand bed. After each backwash further material was 
deposited and it was found that, after a few backwashes, a thick layer 
of deposits had accumulated on top of the bed (plate 9.1a). This layer 
of deposits had no apparent adverse effect on the filter's removal 
efficiency, which remained at around 70% for most of the run. On the 
contrary, it is possible that this layer of deposits aided particle removal 
by acting as a fine filter medium. This could explain why the removal 
efficiency had remained high when the head loss had reached 45cm. 
The effects of short backwashes have been discussed further at a later 
stage in this chapter. 
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• Run length between back washes 
It has been mentioned above that one of the disadvantages of a manual 
backwashing system was that it was not always possible to wash the 
filters at the same head loss. It can be seen from fig. 9.9 that the filters 
were often backwashed at different head losses. Furthermore filter 
number 4 (4 minute backwash) was started 13 days after filter number 
2 and number 3. This meant it was difficult to make specific 
comparisons between the results of the three filters, as at any one time 
the condition of the three filter beds was likely to be different. 
However there are certain sections on the graph where the 
comparisons are valid. One such section is the 7 day period between 
day 26 and day 33. This is because it can be seen that all three filters 
were backwashed on day 26. Furthermore by day 26 each of the three 
filters had had a number of back washes. Therefore it was likely that 
any atypical conditions associated with the start of a new filter run did 
not exist by day 26. Therefore by comparing the results of the three 
filters between day 26 and day 33 it can be seen that: 
The filter with the 4 minute backwash had the highest removal 
efficiency, and the filter with the 15 second backwash has the 
lowest removal efficiency. However it can also be seen that the 
difference in removal efficiency between the three filters was 
very small, and on the whole each filter had a removal efficiency 
of70%. 
The 4 minute backwash filter also had the lowest head loss, 
although the head loss for the 1 minute backwash filter was 
very similar. The 15 second backwash filter exhibited the 
highest head loss. However the rate of head loss increase for all 
three filters was the same. 
Run length can be defined as the interval between backwashes. 
During this period the interval between backwashes was 5 days 
for the 15 second backwash and 7 days for the 1 minute and 4 
minute backwashes. It has already been explained above that it 
was difficult to compare the results from the three filters 
because the filters were not always washed at the same head 
loss. However, since the head loss lines were generally linear 
and the slopes nearly the same in all cases, by assuming a head 
loss of 30cm before back washing, it was possible to make an 
estimate of equivalent run lengths for the three filters. Fig. 9.10 
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below shows a plot of estimated run length against backwash 
duration. 
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Fig. 9.10: Estimated interval between backwashes plotted against backwash duration. It shows that there 
is very little to be gained in terms of longer runs when the backwash duration is increased from 1 to 4 
minutes. 
The results show that increasing the backwash duration from 1 minute to 4 
minutes increases the run length by only one day. In other words there is very 
little to be gained in terms of run length by increasing the backwash duration 
beyond 1 minute. This demonstrates yet another advantage of short duration 
backwashes. 
The above results show that on the whole there is very little difference between 
15 second, 1 minute and 4 minute back washes in terms of removal efficiency and 
head loss build-up. The results also show that in terms of removal efficiency it is 
more beneficial to backwash the filters when the head loss has reached about 
50% of the theoretical head loss at which fluidisation would occur than to carry 
on until the filters are fully clogged. 
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To investigate this point further, removal efficiency was plotted against head 
loss. Since head loss is the 'cost' of the filtration process and removal efficiency is 
the 'benefit' gained from it, a plot of head loss against removal efficiency can be 
considered as a type of 'cost- benefit' plot. This is shown in fig. 9.11 below. Best 
fit lines have been plotted through the data in each case. These show that: 
• For each backwash duration the maximum removal efficiency occurred 
when the head loss was between 20 and 30cm. 
• Furthermore in each case there appeared to be a sharp reduction in 
removal efficiency as the head loss increased beyond 30cm. 
• The maximum removal efficiency in each case was around 70%. 
The above results are consistent with earlier observations. It can be seen that 
increasing the backwash duration from 15 seconds to 4 minutes had very little 
effect on the removal efficiency and on the.head loss at which the maximum 
removal efficiency occurred. Once again this shows that there is very little 
benefit in carrying on the filter run beyond a head loss of 30cm. It is an 
established fact that a sand bed becomes fluidised when the head loss across it is 
equal to the depth of the bed. The bed depth in these experiments was 60cm, so 
in theory the sand bed should have become fluidised when the head loss reached 
60cm. By the same reasoning a head loss of 30cm across the sand bed would 
represent 50% of the head at which the sand bed would in theory have been 
fluidised. The above results suggest that the filters should be washed when the 
head loss reaches approximately half the theoretical fluidisation head. 
9.4.2 Long term effects of very short duration backwashes (plates 
9.1a to 9.1e) 
The advantages of short duration back washes have been discussed above and 
also in chapter 8. However it has also been mentioned that there are problems 
associated with backwashes of very short duration. In the following section, the 
consequences of repeated 15 second back washes on the filter bed during the 
CWB experiment have been discussed. 
It can be seen from fig. 8.11 that the estimated transit time at 70m/h6 was 
between 20 and 35 seconds. This meant that during a 15 second backwash there 
was not enough time for the deposits at the bottom of the bed to be transported 
through the bed and be removed. Furthermore the duration of the backwash 
6 All experiments reported in this chapter were carried out at a backwash rate of 70m/h. 
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11 shows that in all cases above the maximum removal cfficiwcy occurs whm the head/ass is around 20cm 
and that the removal efficiency decreases sharply as the head loss increases beyond 30cm. The bed depth for 
these experiments was 60cm. Therefore 60cm is tke head loss at which, in theory, the sa"d bed should become 
fluidised. This shows that there is lilt le benefit i>r rumri"g the filters until they are fully clogged a"d that/he 
filters should be backwashcd whc" the head loss reaches approximately half the theoretical fluidisalio" head. 
This therefore points to the use of short filter ru,.s. 
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Plate 9.1a (left): Effect of repented 15 second backwashes over a long period. lt shows a large build-up of deposits on the top of the sand bed. The reason 
for this is that the duration of backwash is so short that the deposits removed from the bed are not flushed rrcJJay and settle back on top of the bed once the 
backwashing is stopped. The picture shows the build-up of deposits after 7 washes. 
Plate 9.1b (right): The deposits accumulated on top of the sand bed tended to consolidate. Plate 9.1 b above shows that, a/the start of this backwash, a 
mass of compacted deposits sheared off. 11 rose as a plug until it disintegrated after hitting a sand restraining device placed in the filter columns. 
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Plnte 9.1c (left): The plug of deposits about to hit the sand restraining device. 
Plate 9.1d (right): Shows the top of the sand bed after the compacted mass of deposits has shenred off. lt can be seetz that/he top of the sand bed was not 
fluidised, indicating that the deposits lifted off at a rate much lower than the backwashing velocity. 
Plate 9.1e (left): Shows filter 3 (middle) being backwashed. The level of fluidisation is indicated by the red mark on the filter coh1mn. it also shows filler 
2 (left) soon after a 15 second backwash. The filter column above the sand is full of water /adc11 with deposits, which would eventually sell le back on top of 
the sand bed. Also shown is a clean filter (filter 4 right) during a normal filtration run. Filter 4 has had a number of 4 minute bncf..."Washes and it can be 
seen that there is no build-up of deposits on top of the bed. 
Plate 9.2 (right): Shows the difference between a dirhJ bed (left) and a clean bed (n"ght). 
was so short that there was not enough volume of backwash water to flush out of 
the system the deposits removed from the top of the bed. The result of this was 
that after each backwash the deposits which were not flushed away would settle 
back on top of the bed. After a number of washes a thick layer of deposits had 
built up on top of the bed (plate 9.1a). 
• It has been said earlier that the layer of deposits did not have any 
adverse effect on the turbidity removal. Plate 9.1a shows that 
relatively clear water is emerging from the top of the deposits. 
• It is interesting to speculate on the nature of the deposits. The 
suspension used for filtration experiments throughout this research 
had been settled for 1 hour during its preparation7 and was very 
stable. It did not settle easily. Furthermore most of the particles in the 
accumulated layer of deposits had been removed by filtration. This 
meant they were too light to settle. Yet these same particles apparently 
settled quite easily on top of the bed after the backwash. This shows 
that the filtration process may have changed the nature of the deposits. 
It may be that some flocculation _of the deposits had taken place during 
the filtration, making it easier for them to settle. There is some 
evidence of this happening in plate 9.1a. It is just possible to see that 
some of the deposits have become flocculated. 
The deposits accumulated on top of the sand bed tended to consolidate during 
the filtration cycle and could break free at the start of a backwash. Plate 9.1b, 9.1c 
and 9.1d show a sequence in which a plug of consolidated deposits has sheared 
off and risen above the sand bed. 
The major problem with the accumulated deposits on the top of the sand bed 
was that after each backwash there was a large volume of heavily deposit-laden 
water above the sand bed. Plate 9.1e shows filter number 2 after a 15 second 
backwash. It can be seen that the filter column above the sand is full of water 
heavily laden with deposits. This would eventually settle down on the top of the 
sand bed. This usually took a long time and in the mean time the effluent 
turbidity remained very high. In an actual filtration plant this would mean that 
during this period the filter would have to.run to waste and would therefore be 
out of use for a long time. This shows that the main disadvantage of very short 
duration backwashes is that there is not enough volume of backwash water to 
flush the deposits clear away from the filter column. If a way could be found, 
perhaps by using some form of siphon arrangement, to remove the deposit-laden 
7See chapter 3 for the details of the preparation of the suspension. 
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water from above the sand bed, then it appears that backwashes of very short 
duration could be employed effectively over a long period. 
9.4.3 Experiments with raw water backwash (RWB) 
In this section the results are presented of the experiment set in which raw waterS 
was used to backwash the filters (RWB). These have been compared to the 
results of the CWB experiment presented earlier. In order to make the 
comparison easier, only the main results relevant to the argument have been 
presented. 
It can be seen from table 9.1 above that the duration of the experiment was 34 
days, which was shorter than the 42 day duration for the other two experiments. 
This was because detergent was accidentally added to the suspension. This 
caused the filters to fail and the filtration run had to be terminated prematurely. 
The effects of the detergent in the raw water will be discussed later in this 
chapter. As was the case with the CWB experiment above, three filters, numbers 
2, 3 and 4, were run in parallel during this experiment. Filters 2 and 3 had had 
new filter bases installed. The reasons for this have been discussed in section 
9.2.3 above. Table 9.1 also shows that the backwash durations investigated 
during this experimental run were 1 minute and 4 minutes. Filter number 2 (new 
base) and filter number 3 (new base) were repeatedly washed using a 4 minute 
backwash and a 1 minute backwash respectively. Filter number 4 (old base) was 
also backwashed using a 4 minute backwash. This filter was used as a 'control' 
filter so that the previous experimental results of a 4 minute backwash, obtained 
using the old base, may be compared to the results obtained using the new filter 
bases. It was decided not to carry out any 15 second back washes because these 
led to operational problems. These have been discussed in detail in section 9.4.2. 
The automatic back washing system was used during this experimental run. 
After a few teething problems, the system worked very well. One advantage of 
the automatic backwashing system was that, once set, there was very little 
happening around the filters which could accidentally disturb them. This made 
it easier to reproduce the results. This was in addition to the main advantages 
described in section 9.2.2 above. 
Results of the RWB experiment 
Fig. 9.12 below shows a plot of removal efficiency and head loss 
against time for the RWB experimental run. It can be seen that: 
Soiluted suspension used as inOuent to the filters. 
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Fig. 9.12: Head loss and removal efficiency vs time 
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• The removal efficiency for all three filters was between 60 and 80% for 
most of the test. 
• There is a possibility that some maturation had taken place in the 
filters. It can be seen that the removal efficiency values appear to be 
around 65% at the beginning of the run and to have risen to around 
80% towards the end of the run. However there is a lot of scatter in the 
data and so further analysis is needed to confirm this. 
• The rate of head loss increase also appears to be similar in all three 
cases. 
• The average interval between backwashing was: 
4 minute backwash (old base) 
1 minute backwash (new base) 
4 minute backwash (new base) 
= 6.3 days 
= 6.1 days 
= 5.5 days 
• Between day 28 and the end of the test all three filters appear to behave 
abnormally. This is shown by the abnormal head loss curves. During 
this interval the head loss does not increase linearly and in fact near the 
end there is a drop in the head loss. There is also a big reduction in the 
removal efficiency during this period due to some detergent being 
accidentally added to the influent suspension. The effect of the 
detergent will be discussed at a later stage in this chapter. 
The results of the RWB experiment presented above show that there is very little 
difference between the three filters in terms of removal efficiency, head loss and 
interval between backwashes. This implies that: 
• The old filter base and the new filter base give a similar performance. 
This means that, where applicable, the results obtained using the old 
filter base can be compared to the results obtained with the new filter 
base. 
• Increasing the backwash duration from 1 minute to 4 minutes has had 
very little effect on the filter performance. 
The above results show that there is very little benefit in increasing the backwash 
duration from 1 minute to 4 minutes. This is consistent with the results of the 
CWB experimental run. 
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As was the case with the CWB experiment above, the results of the RWB 
experiment were further analysed by plotting the 'cost- benefit' curve of removal 
efficiency against head loss. This is shown. in fig. 9.13 below. It can be seen that: 
• In ail three cases the maximum removal efficiency occurred when the 
head loss was around 20cm. 
• There are no values of removal efficiency beyond a head loss of 30cm 
because the automatic backwash was set to trigger when the head loss 
reached 30cm. However the shape of the best fit curves suggests that 
there would have been a sharp reduction in turbidity removal 
efficiency if the head loss had been ailowed to increase beyond 30cm. 
• The maximum removal efficiency in ail cases was about 70%. 
Once again the above results are consistent with the results from the CWB 
experiment. 
Finaily it was decided to carry out further analysis in order to detect if any 
maturation had taken place in the filter. It was decided to carry out an analysis 
based on similar principles to the QMR analysis used in chapter 4, and to plot the 
cumulative turbidity removed against tim~. A straight line graph would indicate 
that the filter was removing the same amount of solids at every stage of the test, 
i.e. the filter was performing the same at the beginning of the test as at the end. 
In other words no maturation was taking place. A curved plot with an 
increasing positive slope would show that the removal efficiency was increasing 
as the test progressed, i.e. maturation was taking place. A curved plot in which 
the slope was decreasing as the test progressed would show that the performance 
of the filter was deteriorating as the test progressed. Fig. 9.14 below shows a plot 
of cumulative turbidity removed against time for the RWB experiment. It can be 
seen that: 
• The plots in ail three cases are approximately on a straight line, 
showing that the filter performance remained constant throughout the 
test. There appears to be no maturation taking place. 
• The lines for ail three filters are very close. This shows that there was 
very little difference in the amount of turbidity removed by the three 
filters. 
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The results are again consistent with earlier observations. They show that there 
is very little difference in filter performance between a 1 minute backwash and a 
4 minute backwash. 
9.4.4 Experiments with polluted water backwash (PWB) 
In this section the results of the experimental run with polluted water backwash 
have been presented. This experiment was similar to the experiment using raw 
water to backwash (RWB), described above. The main difference between this 
experimental run and the RWB experiment described above was that in this case 
polluted raw water was used as influent arid for backwashing. The object of this 
experiment was: 
• To add some bacteria to raw water in order to try to partially simulate 
conditions found in 'real life' situations, since most raw waters to be 
filtered are polluted to some extent and are likely to have some 
bacteria present. 
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• To determine if the presence of bacteria in the raw water had any effect 
on the filter performance. 
Polluted raw water and the effect of detergent: 
The pollution to the raw water used in this experimental run was caused by 
adding diluted synthetic sewage to the suspension. The synthetic sewage used 
for this purpose was very similar to that used by Phanaparudhikul (1978). The 
only difference was that the detergent component had been removed from the 
original composition. The reason for removing the detergent was as follows: 
• After 28 days of the raw water run, it was decided to add sewage to the 
raw water in order to determine whether the presence of bacteria in 
raw water had any effect on the filter performance. It was decided to 
try synthetic sewage as this was being used in another experiment in 
the laboratory at that time. However, the addition of synthetic sewage 
caused a sudden release of turbidity from the filter beds and there was 
also a dramatic drop in head loss. The effect was the same as during a 
backwash. In effect the filters had ceased to function. Investigations 
revealed that the likely cause of this failure was the presence of 
detergent in the synthetic sewage. Subsequently, it was decided to 
manufacture the synthetic sewage without the detergent component. 
This proved to be successful. 
The fact that detergent can cause the filters to fail is very important as it implies 
that a significant concentration of detergent in raw water could cause the failure 
of a filtration plant. 
Results of the PWB experiment: 
In order to make the comparison with the results of the RWB experiment easier, 
the results of the PWB experiment are presented in a similar form. Fig. 9.15 
below shows a plot of removal efficiency and head loss against time for the PWB 
experimental run. The overall results appear to be very similar to the results of 
the CWB and RWB experimental runs presented earlier. It can be seen that: 
• The removal efficiency for all three filters was between 60 and 80% for 
most of the test. 
• There is a possibility that some maturation had taken place in the 
filters. It can be seen that the removal efficiency values appear to be 
around 60% at the beginning of the run and have risen to around 85% 
towards the end of the run. There is a lot of scatter in the data, but it 
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appears to be less than the scatter in the results of the RWB 
experiment. 
o The rate of head loss increase also appears to be similar in all three 
cases. 
o The average interval between backwashes was just over 4 days for all 
three filters. This was less than was the case with the RWB experiment. 
However the likely reason for this was the higher influent turbidity 
during the PWB experiment. It can be seen from table 9.1 that in this 
experiment the influent turbidity had been increased to between 120 
and 130NTU. 
It can be seen from fig. 9.15 that in the case of the PWB experiment the results of 
all three filters are very similar, more so than was the case with the RWB 
experiment. This shows that: 
o There appears to be very little difference in the performance of the 
filters, which is consistent with earlier results. 
o As has been mentioned above, one of the advantages of the automatic 
backwashing system was that, once set, there was very little happening 
around the filters which could accidentally disturb them and this made 
it easier to reproduce the results. This was demonstrated to some 
extent by the similarity of the results in the case of the RWB 
experiment. However there were teething problems in the initial 
setting up, which resulted in the system not working quite as well as it 
could have. These problems were soon ironed out and during the 
PWB experimental run the system was working perfectly. This is 
reflected in the similarity of the results. It also shows that, if all other 
conditions are the same, the increase in backwash duration from 1 
minute to 4 minutes has very little effect on the performance of the 
filters. 
As was the case with the CWB and RWB experiments above, the results of the 
PWB experiment were also further analysed by plotting the 'cost- benefit' curve 
of removal efficiency against head loss. Tliis is shown in fig. 9.16 below. It tells a 
very similar story to that of the previous experiments. Once again it can be seen 
that: 
o The maximum removal efficiency for all three filters was around 80%. This 
occurred at a head loss of 20cm and the best fit curve suggests that there 
would have been a sharp reduction in turbidity removal efficiency if the head 
loss had been allowed to increase beyond 30cm. 
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As previously, in order to detect if there was any maturation taking place, the 
cumulative turbidity removed was plotted against time for the PWB 
experiment. This is shown in fig. 9.17 below. Once again the results are very 
similar to those for the RWB experiment. It can be seen that: 
• Although the plots in all three cases are approximately on a straight 
line, there appears to be a slight upward curve near the end of the test. 
This suggests that there may have been some maturation taking place 
in the later stages of the run. This is consistent with the observations 
made earlier. However the trend is very slight and the results are not 
conclusive. The best that could be said is that using polluted water to 
backwash the filters does not adversely affect the filter performance 
over time. 
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Fig. 9.17: Cumulative turbidity removed vs experiment time. 
• It can be seen that the lines for all three filters are very close. This 
shows that there is very little difference in the amount of turbidity 
removed by the three filters. 
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9.5 Conclusions 
One of the main recommendations of chapter 8 was the use of short duration 
backwashes. However the long term effects of repeated back washes of short 
duration were not known. These have been investigated in this chapter. 
• The results for the clean water backwash experiment show that, over a 
period spanning several backwashes, there was very little difference 
between the 15 second, 1 minute and 4 minute backwashes in terms of 
removal efficiency and head loss. However 15 second backwashes had 
operational difficulties concerning the build up of the deposits on the 
top of the bed. 
• In the case of the 1 minute and 4.minute backwashes, there was also 
very little difference in the interval between backwashes. However, 
when a 15 second backwash was used, the interval was about 30% less. 
• Overall, the removal efficiency was around 70%. 
• In all cases the maximum removal efficiency occurred at a head loss of 
around 20cm. There was a considerable drop in removal efficiency 
beyond a head loss of 30cm, which was approximately 50% of the 
theoratical fluidisation head loss. This suggested that filters should be 
backwashed frequently, thus avoiding a large head loss build-up. 
• The results of the experiments using raw water backwash and polluted 
water backwash were very similar to the results of the experiment 
using clean water backwash. 
• There was no evidence of maturation in the raw water backwash 
experiment. There was some evidence of it in the polluted water 
backwash experiment, but this was not conclusive. The significant 
point is that filter performance was not adversely affected if raw or 
polluted water was used for back washing rather than clean water. 
On the basis of the above conclusions, the use of frequent, short, high-rate 
backwashes with raw water is recommended for upflow roughing filters. 
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Chapter 10 
CONCLUSIONS AND RECOMMENDATIONS FOR DESIGN & FuTURE 
WORK 
10.1 Conclusions 
Slow sand filtration requires low turbidity water for effective operation. There 
are various methods of pretreating the raw water to reduce its turbidity, for 
example horizontal gravel filters, which have become very popular and have a 
number of advantages. However, cleaning filters such as these can prove to be a 
problem. This study is concerned with an alternative method of pretreatment, 
upflow sand roughing filtration, which has the potential advantages of simple 
design, ease of operation and cleaning, and low area and wash water 
requirements. The objective of this research was to investigate upflow sand 
roughing filtration further, to determine its effectiveness, to establish criteria 
relating to its design and to identify areas in which further work needs to be 
done. In order to achieve this, a series of experiments was carried out. The 
conclusions drawn from these have been set out in detail at the end of each 
chapter. A summary of the main conclusions is presented in this chapter. 
10.1.1 Main conclusions 
Conclusions of preliminary experiments 
A comparison of upflow and downflow filtration was carried out. This showed 
that: 
• Although downflow exhibited a better turbidity removal than upflow, 
upflow had a better 'cost- benefit' ratio as compared to downflow. 
This meant that for a particular head loss up flow removed more solids 
as compared to downflow. This effect was more pronounced when a 
wider sand grading was used. This was in agreement with earlier 
findings and confirmed some of the perceived advantages of upflow 
filtration. 
• The results of these experiments also showed the importance of bed 
depth and filtration rate regarding overall turbidity removal. 
However, the apparatus allowed a maximum bed depth of only 21cm 
167 
to be investigated. It was therefore decided to investigate the effect of 
bed depth further at a later stage using deeper filter beds. 
• One of the perceived advantages of up flow filtration was its simplicity 
of design if raw (unfiltered) water was used for backwashing. This 
was investigated during longer term tests of 5-10 days duration carried 
out on two upflow filters running in parallel. In these experiments the 
effect of washing with chlorinated tap water was compared with 
washing with raw water and polluted raw water. The results showed 
that towards the end of the test the filters washed with raw water and 
polluted raw water exhibited a slightly better turbidity removal as 
compared to the filter washed with tap water. This suggested that 
there was some form of maturation taking place in the filters washed 
with raw water or polluted raw water. However the maturation was 
in its early stages, and the duration of the tests was not long enough to 
be sure of this. The significant points of these experimental results 
were: 
The filter performance was not adversely affected when raw 
water or polluted raw water was used for backwashing as 
compared to when clean water was used. 
It is important to carry out long term experiments. 
• The nature of maturation was investigated further by carrying out tests 
on.horizontal roughing filters. There was evidence to suggest that 
maturation may be a biological process, related to the presence of 
bacteria in the water. The results also showed that maturation was a 
long term process taking place over several weeks. This further 
demonstrated the importance of carrying out long term experiments. 
Conclusions of main experiments 
• On the basis of the conclusions of the preliminary experiments, new 
apparatus comprising deeper filter columns was designed. Bed depths 
ranging from 40m to 1.2m were investigated. The results showed that 
under experimental conditions (Ti=SONTU and v=2.5m/h) a bed depth 
of more than 1m would be required to produce an acceptable effluent 
turbidity of less than 10NTU. 
• The effect of backwash on effluent quality was investigated in order to 
establish an optimum backwashing procedure, and the results were 
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compared with the results obtained by Johnson & Cleasby (1966). 
They showed that: 
There was an optimum backwash rate corresponding to a 
particular backwash duration. This was in agreement with the 
findings of Johnson and Cleasby (1966). However the results of 
this study, as well as thos~ of Johnson & Cleasby's experiments, 
show that the optimum backwash rate is not very sensitive to 
variations in the backwash duration. Even large variations in 
the backwash duration have very little effect on the optimum 
backwash rate and on effluent quality. 
At the optimum backwash rate, the expanded bed porosity was 
lower than the 0.7 suggested in the literature. One possible 
explanation of this could be that the backwash which produces 
the cleanest filter bed is not necessarily the backwash which 
produced the best effluent quality. It is possible that a slightly 
dirty bed performs better than a completely clean bed. 
Analysis of the volume of backwash water shows the advantage 
of short backwashes. A 1 minute backwash at the rate of 
100m/h produces effluent of almost as good a quality as a 4 
minute backwash at the rate of 70 m/h, but used about 1/3 of 
the volume of water. 
This is also confirmed by the analysis of the effect of backwash 
duration. It shows that for all backwash rates, although the 
effluent quality initially improves with the increase in backwash 
duration when the duration is small, the rate of improvement 
decreases as the duration gets longer. 
Analysis of transit times in the filter bed reveal that very short 
back washes of 20 seconds or less were shorter than the 
minimum transit time for the bed. This means that no element 
of the backwash water has enough time to transport the 
deposits through the filter bed from bottom to top. 
The results of these experiments point the way towards using short, 
high-rate backwashes. However there are practical problems with the 
use of very short back washes an~ these need to be taken into account. 
On the basis of the above conclusions, the use of a backwash of around 
70m/h, with a backwash duration of 1 minute, is recommended. 
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o One of the main recommendations of chapter 8 was the use of short 
duration backwashes. However the long term effects of repeated 
backwashes of short duration were not known. These have been 
investigated in chapter 9. 
The results for the clean water backwash experiment show that, 
over a period spanning several backwashes, there was very little 
difference between the 15 second, 1 minute and 4 minute 
backwashes in terms of removal efficiency and head loss. 
In the case of the 1 minute and 4 minute backwashes, there was 
also very little difference ~n the interval between backwashes. 
However, when a 15 second backwash was used, the interval 
was about 30% less. 
Overall, the removal efficiency was around 70%. 
In all cases the maximum removal efficiency occurred at a head 
loss of around 20cm. There was a considerable drop in removal 
efficiency beyond a head loss of 30cm, which was equivalent to 
half the head at which the bed would theoretically be fully 
fluidised. This suggested that filters should be backwashed 
frequently, thus avoiding a large head loss build-up. 
The results of the experiments using raw water backwash and 
polluted water backwash were very similar to the results of the 
experiment using clean water backwash. 
There was no evidence of maturation in the raw water 
backwash experiment. There was some evidence of it in the 
polluted water backwash experiment, but this was not 
conclusive. The significant point is that filter performance was 
not adversely affected if raw water or polluted water was used 
for backwashing rather than clean water. 
On the basis of the above conclusions, the use of frequent, short, high-
rate backwashes with raw water is recommended for upflow sand 
roughing filters. 
10.1.2 Key points to be drawn from the above conclusions 
o Short duration, high-rate backwashes are effective. 
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• Even back washes of very short duration can be effective, provided that 
practical problems associated with the removal of water from above 
the sand bed can be overcome. 
• Short run lengths are recommended. 
• Raw water appears to be as good as clean water in backwashing. 
• It is important to carry out long term experiments in filtration, as many 
of the effects are only apparent when comparison is made over a long 
period. 
10.2 Recommendations for design 
On the basis of the above conclusions it is recommended that, when designing a 
roughing filter, the following criteria should be considered: 
• It should be an upflow sand filter. 
• It should be washed using raw water. 
• The duration of the backwashes should be around one minute. 
• The filter should be washed frequently. 
• The interval between backwashes should be such that the head loss is 
not allowed to exceed 50% of the theoretical head loss at which the 
sand bed would become fluidised. 
• A bed depth of around one metre appears appropriate for a raw water 
turbidity of SONTU. 
A filter based on these design recommendations would require approximately 
0.3 m3 of media to treat 1m3 of water per hour .I 
10.3 Recommendations for future work 
This research has attempted to answer questions concerning up flow sand 
roughing filters. The answers to some of the questions have been found, while 
others remain unanswered. In addition, the research has posed further 
questions. Some of the areas in which future work is recommended are as 
follows: 
• It has been mentioned above that one of the main findings of this 
research was the effectiveness of short duration backwashes. In the 
recommendations for design above, the use of a 1 minute backwash 
has been suggested. However, the results of the experiments suggest 
lSee Table 2.3 for detailed explanation 
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that back washes of very short duration (e.g. 15 seconds) could also 
prove to be effective, provided that ways could be found of 
overcoming practical problems associated with them. The main 
problem with short duration washes appears to be that the duration of 
the wash and the volume of wash water are not sufficient to flush the 
deposits out of the filter units, which results in a build-up of deposits 
on the top of the sand. The solution therefore appears to be the quick 
removal of the deposit-laden water from above the sand bed soon after 
the backwash. It is recommended that research should be carried out 
into ways of removing this water. The solution should ideally be a 
'low tech' one. This would then be consistent with the other 
components in the intended filtration system. 
• One of the main perceived advantages of upflow filtration over 
downflow filtration was its suitability for use with a wider sand 
grading. The results of the preliminary experiments confirmed this. 
However, in order to limit the number of variables, it was decided to 
carry out the main experiments initially using a narrow sand grading, 
with a view that a wider sand grading would be investigated at a later 
stage. This has not been possible. It is therefore recommended that the 
effect of sand grading should be investigated, in particular how it 
would affect the recommendation regarding the head loss at which the 
filters should be washed. 
• Research (Ives and Rajapakse)2 has demonstrated the effectiveness of 
downflow pebble matrix filtration for the pretreatment of high 
turbidity waters. The 'lenticular' spaces adjacent to the pebbles 
provide a large storage capacity, and produce a very low head loss 
build-up. It would be interesting to carry out an investigation into an 
upflow pebble matrix filter, using short, high-rate backwashes. 
2rves and Rajapakse published in Graham (1988). 
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Appendix A4.1 Data from upflow downflow e'xperiments. 
Test Bed Sand Flitratlon Rate m/h Turbidity Turbidity Removal Headloss mm/hr 
No Depth Type Upflow Oownfiow Influent Eff: Upflow Eft: Downflow Upflow Oownflow Upflow Downftow Remarks 
(cm) Mean Std. De Mean Std. De Mean Std. De Mean Std. De Mean Std. De % % Slope Corr. Slope Corr. 
1 11.5 u Resulls lrom lesls 1 &2 were not 
2 11.5 u relaiable 
3 11.5 u 8.6 0.0 8.6 0.0 58.0 4.2 50.3 1.3 51.5 0.9 13.3 11 .2 3.8 1.0 1.1 0.7 
4 11 .5 u 2.8 0.0 2.9 0.1 182.0 12.8 119.7 10.1 113.7 6.9 34.2 37.5 High turbidity run 
5 11.5 u 2.9 0.0 3.0 0.0 15.3 0.2 12.3 0.4 11.7 0.3 19.6 23.5 Low lurbidily run 
6 11.5 u 3.0 0.0 3.0 0.0 80.4 1.6 63.3 1.5 59.3 2.4 21.3 26.2 1.1 1.0 0.7 0.9 
7 11.5 u 3.0 0.0 2.9 0.0 76.7 2.3 55.1 0.6 49.2 1.5 28.2 35.9 0.9 1.0 1.2 1.0 
8 11.5 u 3.0 0.0 3.0 0.0 84.9 0.8 68.1 1.0 59.6 2.0 19.8 29.8 1.2 1.0 1 .3 1.0 
9 11.5 u 9.0 0.0 9.0 0.0 87.5 0.7 80.3 0.9 78.3 0.9 8.2 10.5 4.1 1.0 4.4 1.0 -Fillration rate increased to 9m/h 
9a 11.5 u 8.8 0.1 8.8 0,1 82.0 1.8 77.3 1.3 75.5 2.0 5.7 7.9 4.2 • 0.9 7.2 0.9 
1 0 11.5 u 8.8 0.0 8,8 0.0 83.0 0.4 76.8 0.8 75.4 0.4 7.5 9.2 3.7 1.0 2.1 1.0 
11 21.0 u 9.3 0.0 9.1 0.0 94.5 1.5 80.0 2.1 75.9 1.8 15.3 19.7 9.9 1.0 10.2 1.0 Bed depth increased to 21cm 
12 21.0 u 9.2 0.1 9.1 0.0 87.5 0.3 76.3 0.9 74.3 0.6 12.8 15.1 4.8 1.0 4.4 1.0 
13 21.0 u 3.3 0.0 3.3 0.0 87.3 0.8 71.0 0.5 66.9 0.2 18.7 23.4 0.7 1.0 1.0 1.0 Filtration rate reduced to 3m/h 
1 4 21.0 u 3.3 0.0 3.3 0.0 89.7 0.2 62.5 4.5 63.8 1.3 30.3 28.9 1.3 1.0 4.1 1.0 
1 5 21.0 u 3.3 0.0 3.3 0.0 87.9 1.4 68.4 0.9 64.8 1.0 22.2 26.3 0.9 1.0 0.9 1.0 
15a 21.0 u 3.4 0.0 3.2 0.1 83.5 7.8 59.0 5.1 53.3 5.3 29.3 36.2 1.8 1.0 1 .3 1.0 
16 21.0 u 3.4 0.0 3.4 0.0 75.9 0.9 51.5 1.1 46.6 1.1 32.1 38.6 1.3 1.0 1.3 1.0 
17 21.0 u 3.4 0.0 3.3 0.0 137.7 2.1 83.7 2.5 77.2 2.5 39.2 43.9 3.0 1.0 3.2 1.0 High turbidity run 
1 8 21.0 u 3.5 0.0 3.3 0.1 76.0 5.0 28.7 0.7 25.5 0.5 62.2 66.4 12.0 1.0 15.7 1.0 Long test: ripining eltect-end values 
1 9 21.0 W3 2.9 0.0 2.9 0.0 87.3 0.4 49.9 1.0 43.9 1.0 42.8 49.7 1 0.1 1.0 19.9 1.0 Sand grading changed 
20 21.0 W3 2.6 0.0 2.6 0.0 87.3 1 .3 47.3 4.2 33.3 6.9 45.8 61.9 5.4 1.0 17.3 1.0 
21 21.0 W3 2.9 0.0 2.8 0.0 89.9 1.2 55.7 0.9 38.3 3.4 38.0 57.4 3.5 1.0 31.9 1.0 
21a 21.0 W3 2.1 0.1 2.8 0.0 81 .1 1.0 38.3 1.2 38.6 2.1 52.8 52.4 2.1 0.7 40.3 1.0 
22 21.0 W3 2.9 0.1 3.0 0.0 87.3 0.9 59.5 3.3 42.5 3.9 31.8 51.3 1.2 0.8 9.9 1.0 
22a 21.0 W3 3.0 0.0 2.9 0.0 83.9 8.8 54.7 7.0 29.1 4.2 34.6 65.2 2.1 1.0 39.4 1.0 
.... 
o:> 
N 
Aooenclix A4. 2 Multiole ~e~ression results upflow 
04 Fab 93 SPSS Releue 4.0 for HP9000/8xx 
15:23:53 Loughborouqh University HP9000 Ser 810 HP-UX 8 
MULTIPLE REGRESSION • • • • 
Listwise Deletion of Mi:lsing Do~~te• 
BOO 
RATEUP 
IHLE'r 
REM UP 
GR>O 
Mean Label 
.625 bed depth (dummy variable: ON-2l.Ocm Off•ll.Scrn) 
4.51'7 filtration rata: upflow 
86.942 inht turbidity 
27.737 re!IIOval: up!lw 
.250 so~~~nd qradinq (dununy variable; OH-wide qradinq Off-Harrow grading) 
N of Cues • 24 
Equation Humber Dependent Variable.. REMUP remQvall upt'low 
Bloelt Number }. Method: Enter 
Varieble(s) Entered on Step Number 1 •• 
2 .. 
GR>O 
INLET 
RATE UP 
BOO 
sand grading (dummy variable: ON•wide Oft•Narrow) 
inlet turbidity 
Multiple R .81507 
R Square • 66433 
Adjusted R Squ•re .59366 
Standatd Error 9.29031 
------------------ Variables in the 
Variable B S& B 
"""' 
6.413503 5.168144 
INLET ,058514 .069783 
RATEUP -2.942852 . 815634 
BOO 8.582008 4.461115 
(Constant) 28.974939 8.27984S 
F:n<l T\ln,..k N'umh~r All rCl'lU!>nn<1 
filtration u.t.e: upflow J .. 
... bed depth (du~m~y vari,blo: ON-2l.Ocm Off•ll.Scm) 
l<nalysis o! v.oriance 
.. 
Regression 4 
Residual 19 
Sum o! Squarall 
3245.54846 
1639.88719 
F " 9.40086 Slgnif F .0002 
Equation 
------------------
Beta T Sig T 
.194648 1.241 ,2297 
,112174 .839 .4122 
-.531926 -3.608 ,0019 
.29120S 1. 923 .0695 
3.499 .0024 
vt~rlablo~ !>nt<'!red. 
Hcan Square 
811.38711 
86.30988 
A4.2 Multiple Regression results: down flow 
04 Feb 93 SPSS Releue 4.0 !or HP9000/8xx 
MULTIPLE REGRESSION •••* 
Listwise Deletion of Mhaing Date 
BOO 
RATE ON 
INU:T 
RE""N 
GMD 
Mean Label 
.625 bed depth !dummy variable: ON•2l.Ocm Off•ll.Scm) 
4.513 filtration rate: downHow 
86.942 inlet turbidity 
34.504 removal: down!low 
.250 und qradinq (du~m~y variable: ON•wide gradinq Off•Narrow qradinq) 
N of Caus 24 
Equation Number 1 Dependent Variable.. REHON reii'IOval: down flow 
Block NumheJ: 1. Method: Enter 
Veri•ble (s) Entered on Step Nurnbet 1., 
2 •• 
GMD 
INLET 
RATEON 
BOO 
sand grading (dummy vari.,ble: ON•wide Off•Nan:ow) 
inlet turbidity 
Multiple R 
R Square 
Adjusted R Squen 
St.llnderd Error 
.89327 
• 79193 
• 75539 
9.03978 
------------------ Variables in the 
Variable • "" 
'"'' 
17.312935 4.987866 
INLET .060290 .067907 
AATEDN -3. 49!>858 .801306 
BOO 8.017019 4.3!>49$0 
(Constant) 35.698641 8.091593 
End Bloek Number .u requested 
3 •• filtration rate: downflow 
... bed dopth (du~m~y variable: ON•21,0cm Off•ll.Scm) 
Analyds of Vacillnea 
"' P.eqcassion 
Residual • .. 
Su,. of Squares 
6131.01371 
1$!>2. 63587 
' . 18.15688 Signif F • . 0000 
Equation 
------------------
Beta T Sig T 
.418978 3.471 ,0026 
.0926!>3 .868 • 38!>7 
-.4966$!> -4.363 .0003 
.216916 1,8(1 .0813 
4. 412 • 0003 
vadables entered. 
Mean Squace 
1532.16843 
81.71168 
Appendix AS.l: Calculations of transit times 
Backwash Expansion Bed Depth Porosity Interstitial Velocity Transit Time To tat Transit Time 
rate of sand Sand Gravel Packed Expanded Packed Expanded Sand Gravel Packed Expanded 
bed Packed Expanded sand or Sand sand or Sand Packed Expanded 
m/h % (cm) (cm) (cm) gravel gravel Sec Sec Sec Sec Sec 
(m/h) (m/h) 
22 7 60 64.2 40 0.4 0.44 55 50 39.3 46.15 26.18 65.5 72.33 
45 21 60 72.6 40 0.4 050 113 89 19.2 29.28 12.80 32.0 42.08 
70 39 60 83.4 40 0.4 057 175 123 12.3 24.38 8.23 20.6 32.61 
100 64 60 98.4 40 0.4 0.63 250 158 8.6 22.46 5.76 14.4 28.22 
Notes on calculations: 
Expanded porosity = (0.01e + f)/(1+0.01e); Where e= expansion(%) and f= packed bed porosity 
Interstitial velocity= Backwash rate/porosity 
Transit time= (bed depth/ interstitial velocity)*36; Where Bed depth is in cm and interstitial velocity is in m/h 
Appendix A9.1 Technical details of water-level detector designed 
ahd constructed by Dr. M.A. Rahin. 
Electronic circuits 1 & 2 in figs. A9.1a and A9.1b respectively allow an 
experimental water filtration system to be controlled by a microcomputer. Circuit 
1 acts as a simple water level detector and provides a logic level (0 or 1) 
depending on whether or not the water level in a cylinder (pipe) has reached a 
pre-determined level. A very simple probe made of two ordinary electrically 
conducting materials with a spacing of 2-3mm between them is used. This is 
affixed at a position within the cylinder (pipe) where the water level is to be 
detected. Whenever the water level reaches this particular position, a small 
amount of electric current flows through the two conductors in the probe. This 
very simple probe, however, does not have any protection against corrosion 
which will be caused by electrolysis. It is thus necessary to clean or replace the 
conductors, if required, regularly. 
The transistor T1 in Ckt. 1 forms a simple inverter. Normally, when there is no 
current flow between the two conductors in the probe, the transistor remains in 
the OFF state, thereby maintaining a logic 1 (equal to V cc= 5 Volt) at its output at 
the collector (c) terminal. However, when an electric current starts to flow 
through the two conductors in the probe as a result of the water level reaching 
the probe postion, the voltage level at point B rises to a sufficient value to trigger 
the transistor T1 to change its state from OFF to ON. Consequently, the b voltage 
at the transistor output (c) drops to logic 0 (equal to V ss= 0 Volt). On the other 
hand, when the water level falls below the probe position, the transistor reverts 
back to the OFF state from the ON state, and the logic level at its output also 
changes from 0 to 1 once again. 
The output of the transistor T1 is fed to the input of the TTL Inverted gate which 
provides the necessary signal buffering as well as the correct translation of the 
state of the water level at tl;le probe position to the logic level suitable for the 
computer program. The Ol.ltput of the Inverter gate thus carries the following 
information: ) 
' Logic 0 ==>Water l7vel has reached the probe postion and 
Logic 1 ==> Water l,evel has not reached the probe postion. 
The output of the inverter is connected to the 'user port' of a BBC B 
microcomputer. There are four such water level detectors in use. The outputs of 
these four water level detectors are connected to the lower order nibble of the 
'user port' which incidentally is an 8-bit input/output port. It is thus easy to read 
the status of any one of the four water level detectors with a suitable BOO LEAN 
operation in the computer program. The higher order nibble of the 'user port' is 
connected to four solenoid controlled water valves (SCV). Ckt. 2 in fig. A9.1b 
provides the necessary interface between the 'user port' outputs and the solenoid .. 
The two terminals of an SCV are connected between the collector terminal of a 
power transistor and the +12V power rail. A silicon diode is shunted across the 
SCV to take care of the transient voltages. The power transistor input (base) is 
coupled with a suitably valued resistance to the 'user port'. It is thus 
straightforward to switch the SCVs in any combination by writing logic 1 (equal 
to V cc= 5 V) to the corresponding bit in the higher order nibble of the 'user port'. 
In the current configuration, the lower order nibble of the 'user port' acts as an 
input port, while its higher order nibble acts as an output port. 
Appendix A9.1 
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Fig. A9.1a : Water level detector 
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Fig. A9.1b: Interface between BBC 'user port' and the solenoid 
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Appendix A9.2: Computer program to control automatic 
back washing system. By Mr. D.G. Houghton 
,LIST 
10 MODE3:CLOSE£ 0:DIM valve%(4),timecon%(4),pin%(4),flag%(4),trig%(4) 
11 REM --------- Set Valve Opening Times --------------------------
12 timecon%(1)=15:timecon%(2)=15:timecon%(3)=15:timecon%(4)=15 
13 REM --------- Set Valve Outputs to ON --------------------------
14 pin%(1)=16:pin%(2)=32:pin%(3)=64:pin%(4)=!28 
15 *KEY 10 *CLOSE:M 
16 OP%=0PENOUT("DFILE") 
2121 CLS: PRINT TAB ( 18, 10) ; "Program to Control Sand Filters" 
3121 PRINT TAB(16,18);"Written by D.G.Houghton January 1990" 
40 FOR K%=1 TO !0000:NEXT K% 
42 CLS:INPUT TAB(20,10)i"Enter Time as Hours,Minutes,Seconds "HR,MN,SC 
43 TIME=( (HR*60+MN)*60+SC)*l00 
45 PROCwindow 
50 ?&FE62=240:REM Set INPUT 0000 OUTPUT !111 
60 ?&FE60=0:REM Set OUTPUTS to 0 (Valves Closed) 
70 FOR K%=1 TO 4:flag%(K%):0:trig%(K%):0:valve%(K%):0:NEXT K% 
100 CLS 
200 PROCprobe 
21121 PROCvalveopen 
22121 PROCresettime 
230 GOTO 200 
400121 REM Process to Check on Probes Switching open Valve when triggered 
4010 DEFPROCprobe 
4015 PRINT TAB(1,3)j"Checking Probes for High Wate!:' Level" 
4017PRINT" ":PRINT'"' 
4020 FOR W%= 1 TO 4:valve%(W%):0:NEXT W% 
4030 REPEAT 
4035 PROCclock 
4040 x%=?&FE60 
4042 REM --------- Set X% to Value in FE60 --------------------------
4050 y%=x% AND 15 
4052 REM·--------- Ignore last segments of Address (Outputs) ------------
4055 s%=y% 
4060 z%:y% DIY S:IF z%=1 THEN valve%(4)=l:y%:y%-8 
4070 z%:y% DIY 4:IF z%=1 THEN valve%(3):1:y%:y%-4 
4080 z%=y% DIV 2:IF z%=1 THEN valve%(2)=1:y%=y%-2 
4090 z%:y% DIY l:IF z%=1 THEN valve%(!)=! 
4100 UNTIL s% <> 0 
4110 ENDPROC 
5000 REM Process to Open Valve for required time interval 
5010 DEFPROCvalveopen 
5020 FOR K%=1 TO 4 
5030 IF valve%(K%)=1 AND flag%(K%):0 THEN PROCsethigh(K%) 
5040 NEXT K% 
5050 ENDPROC 
5500 REM -------------- Process to set line High to Open valve ---------------
5510 DEFPROCsethigh(T%) . 
5520 tm=TIME 
5525 REM --------- Set Time Interval dependant on Valve required -------------
5530 toff=tm+{timecon~{T%)*100) 
5540 ?&FE60=pin%(T%) 
5550 PRINT "Filter number: ";T% 
5555 REM ---------- Set Flag to avoid Opening Valve for another 10 mins 
5560 flag%CT%J=toff+60000:valve%CT%J=0 
5562 trig%(T%J=trig%(T%)+1 
5563 PRINT" Number of Bach~ashes "j trig%(T%) 
5564 NZ%:trig%(T%):B%=trig%(T%) 
5566 PROCsavetime 
5570 REPEAT 
5580 UNTIL TIME > toff 
5590 ?&FE60=0 
5595 PROCtime:PPINT"L.:~st Ba~kw3shed ::\t: ","DAY ":DAY,"P.F ":HR."I1N ":!-!N."SE ":SE' 
187 
Appendix A9.2 Sample output 
Checking Probes for High Water Level 
Time: Day 0; 10:30:0 
Filter number : 1 
Number of Backwashes 1 
Last Backwashed at: DAY 0 
Filter number : 2 
Number of Backwashes 1 
Last Backwashed at: DAY 0 
Filter number : 3 
Number of Backwashes 1 
Oast Bacl{washed at: DAY 0 
F.il ter number : 4 
N'umber of Backwashes : 1 
~ast Backwashed at: DAY 0 
HR 10 
HR 10 
HR 10 
HR 10 
Checking Probes for High Water Level 
Time: Day 0; 10:35:45 
188 
MN 30 SE 15 
MN 30 SE 45 
MN 31 SE 45 
MN 35 SE 45 
I 
I 
I 
I 
I 
I 
